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Abstract
There is a large number of old riveted railway bridges that are still in use in the UK 
and around the world. Due to their considerable age, which in many cases is over 100 
years, their useful life-span may be close to its end. Fatigue cracking has been observed 
in riveted bridge connections over the years, confirming that the connections in these 
bridges are susceptible to fatigue damage. Although considerable research has been 
conducted on the fatigue behaviour of riveted bridges, only a small percentage of this 
research has concentrated on riveted connections. In this thesis, a general methodology 
for the fatigue assessment of riveted railway bridges is presented by concentrating on 
the fatigue behaviour of their connections. The methodology is developed through the 
fatigue analysis of a finite element model of a 1 0  m span riveted railway bridge, typical 
of a very large number of old railway bridges in the UK.
As a first step of such a methodology, a global finite element analysis of the bridge is 
performed in order to identify, on an S-N basis, the most fatigue-critical connections. 
Probabilistic methods are also employed in order to determine the reliability of those 
connections. The global analysis is then followed by a detailed investigation of a refined 
finite element model of this connection, which is developed with the aid of benchmark 
studies on simple finite element models of riveted lap joints. This second step of the 
methodology aims at identifying, on an S-N basis, the hot spots and potential crack 
initiation sites in the connection itself. In both steps, the analysis is carried out in 
terms of present day and historical train loading.
In the context of these investigations, the most important parameters that affect fatigue 
damage, estimated on an S-N basis, are found to be the connection stiffness, the detail 
S-N classification and the rivet clamping force. By ranking the bridge connections
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according to their fatigue damage, the inner stringer-to-cross-girder connections are 
identified as the most fatigue-critical. The fatigue life of these connections is found to 
be governed by stress levels which are close and below the fatigue limit of the relevant 
detail. The rivet holes and the angle fillet are identified as the most fatigue-critical 
locations on the connection where fatigue cracking may initiate. Quantitative results 
are obtained for the critical connections under various scenarios. The results obtained 
in this thesis can also be used in planning effective inspection regimes for these bridges.
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Chapter 1
Introduction
Metallic railway bridges that were constructed during the second half of the 19th cen­
tury up to the middle of the 2 0 th  century are of riveted construction. A large number 
of these bridges which are still in use in North America, around Europe and the United 
Kingdom, were constructed using old steel or wrought-iron material and have experi­
enced continuously increasing axle loads and train frequencies over their operational 
life. This, combined with their considerable age, has raised questions about their fatigue 
performance.
Riveted bridges were constructed before standardisation and widespread use of design 
codes and fatigue was certainly not an issue that was taken into account at the design 
stage. Despite this, these bridges seem able to cope with current load demands with 
relatively few cases of fatigue damage having been reported.
The lack of a comprehensive methodology for the fatigue assessment of riveted bridges 
and the limited knowledge on the fatigue behaviour of this type of construction have 
over the years led rail authorities around the world to establish research initiatives 
to study their fatigue performance. On the material side, the fatigue behaviour of 
wrought-iron and old steel materials is not well understood. The problem is further 
exacerbated by the lack of information on the loading history of these bridges. Not 
surprisingly, research efforts in the last few decades have aimed at a better material 
characterisation of wrought-iron and old steel and the establishment of appropriate 
load models, which are representative of rail traffic.
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A number of fatigue assessment methodologies for riveted railway bridges have been 
proposed in the past (DiBattista et ah, 1998a; Geissler, 2 0 0 2 ), some being of probabilis­
tic form (Bruhwiler and Kunz, 1993; Kunz and Hirt, 1993; Tobias and Foutch, 1997). 
These methodologies were based on simple structural bridge models consisting of beam 
elements and aimed at estimating the remaining fatigue life of the primary members of 
the bridge (main girders, stringers, cross-girders). However, most of the fatigue-related 
damage cases that have been reported for riveted bridges were observed on the riveted 
connections between the primary members (see Figure 1.1) and the damage has been 
attributed to secondary effects (Fisher et ah, 1987; Al-Emrani, 1999, 2002). None of 
these methodologies focused on these fatigue-critical connections within the context of 
an entire bridge model since, often, detailed finite element models are required in order 
to capture their complex behaviour. Although, in few cases, refined finite element mod­
els of riveted bridge connections have been developed (Jones et ah, 1997; DePiero et ah, 
2002; Al-Emrani and Kliger, 2003), these models consisted of an assembly of only few 
members connected to each other and were analysed under single point loads. The in­
corporation of such refined models into a global bridge model would allow investigation 
of the riveted connections under realistic train loading and provide results appropriate 
for estimation of the fatigue damage of the different connection components (angles, 
rivets).
In the absence of global models under realistic loads, the most fatigue-critical locations 
on riveted bridges have been identified, in most of the cases, empirically. However, 
given the large number of riveted connections in a bridge and their interaction, their 
fatigue ranking, based on S-N calculated fatigue damage, needs to be quantified in 
greater detail.
Rail traffic load models have been developed over the years in parts of Europe and North 
America in order to represent past train traffic (Szeliski and Elkholy, 1984; Akesson, 
1994; Adamson and Kulak, 1995). In most of the cases, these load models consisted of 
a few number of trains assumed to be representative of train traffic in distinct periods 
of the past. Since the types and characteristics (axle weights, dimensions, frequencies) 
of trains can differ from country to country, the development of a historical load model 
for train traffic in the UK would provide some insight regarding the stresses that riveted
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Figure 1.1: A typical riveted connection used in riveted railway bridges (Yen et al., 
1991).
bridges have been experiencing in the past and the fatigue damage that has accumulated 
in them up to the present time.
It is evident that different features regarding the fatigue analysis of riveted railway 
bridges have been investigated in the past. Fatigue assessments have been based on 
the riveted members and not the riveted bridge connections and have been performed 
on a simplified basis without taking into account the governing secondary stresses that 
develop in the connections. These secondary stresses can only be taken into account 
through elaborate fatigue analyses of refined connection models and such analyses have 
not been performed within the context of fatigue assessment of bridges and realistic 
train loading. A comprehensive novel methodology for the fatigue assessment of riveted 
railway bridges combining both global and more detailed analyses of refined riveted 
connection models is necessary, taking into account that there exists a large number of 
such bridges in the UK. Specifically, of the 40000 rail bridge stock in the UK, 16000 
are metallic railway bridges. The breakdown of these with respect to their construction 
material, span and age is shown in Figure 1.2 (Bell, 2003). As can be seen, the majority 
(70%) of these bridges were constructed of steel and wrought-iron material and are
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short-span ( < 1 0  m). However the most important feature is that more than 50% of 
these are over 1 0 0  years old.
Material Span
I  □ Cast Iron B Wrought iron ■ Steel | |M<10 m B 10-40 m D>40 m| □ <20yrs HZO-SOyrsa50-100yrs ■>100yrs
Figure 1 .2 : Breakdown of metallic railway bridge stock (Bell, 2003).
1.1 Aim of Thesis
The aim of this thesis is to present a generic methodology for estimating the remaining 
fatigue life of riveted railway bridges with emphasis being given to the riveted con­
nections in these bridges. The methodology is developed within the context of finite 
element analyses of a typical, short-span, wrought-iron, riveted, plate girder railway 
bridge which is representative of a large number of old railway bridges in the UK.
The first step of such a methodology is the global fatigue analysis of the bridge which is 
based on finite element analyses under historical and present day train traffic. This step 
aims at identifying the most fatigue-critical connection of the bridge. The global anal­
ysis is then extended to a probabihstic framework which takes into account material, 
model and loading uncertainties and hence determines the rehability of this connection.
Following the identification of the most fatigue-critical connection of the bridge, the 
second step of the proposed methodology involves a more detailed stress analysis of the 
connection. For this purpose, a refined finite element model of the riveted connection is 
introduced to the global bridge finite element model. Prior to the development of this 
model, benchmark studies are carried out on simple finite element models of riveted 
lap joints aiming to increase confidence in applying various modelling techniques to 
the more complex bridge-connection model. Through the local investigation of the
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riveted connection, which aims at identifying the most fatigue-critical locations within 
the connection itself, more detailed fatigue damage estimates, compared to the global 
fatigue analysis, are obtained.
1.2 Outline of Thesis
This thesis consists of seven chapters and two appendices. A brief outline of the thesis 
is given in this section.
Chapter 2  presents a literature review which consists of three main parts. A brief intro­
duction to the problem of fatigue in steel structures is presented in the first part. The 
state-of-the art of the research, both experimental and analytical/ numerical, carried 
out on riveted members and connections is presented next. The final part of the chap­
ter is concerned with case studies on the fatigue assessment of riveted railway bridges 
that have either been replaced or are still in use.
Chapter 3 deals with the global fatigue analysis of a typical riveted railway bridge. A 
finite element model of the bridge is developed using shell elements. Stress histories 
are obtained at the bridge connections and the fatigue damage of the connections is 
estimated by using the S-N method and Miner’s rule. The connections are ranked 
according to their fatigue damage and the most fatigue-critical ones are identified. By 
developing a historical load model to represent past rail traffic and using BS5400 trains 
for present day traffic, remaining fatigue life estimates for the connections are obtained.
The deterministic fatigue damage estimates of Chapter 3 are extended further in Chap­
ter 4 in a probabilistic manner. Both deterministic and probabilistic annual response 
spectra are developed for the most highly-damaged connection which was identified in 
Chapter 3. Loading, material and model uncertainties are taken into account in order 
to estimate the probability of failure and the remaining fatigue life of the connection.
Although a slight deviation from the main theme of this thesis. Chapter 5 is devoted 
to the finite element modelling and analysis of three-dimensional, riveted lap joints. 
Since this type of geometry has been researched extensively in the past, this chapter 
provides the means to benchmark and hence increase confidence in the use of the more
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realistic finite element connection model used in Chapter 6. Results are reported in the 
form of stress concentration factors and stress distributions at the location of the holes, 
under different rivet clamping force values, and compared with published analytical 
and experimental work.
In Chapter 6, the global model considered in Chapter 3 is enhanced, by modelling the 
full connection geometry, at the location of one of the most damaged bridge connections. 
Stress histories are obtained at various points on the connection under the passage of a 
BS5400 freight train over the bridge. By using the S-N method and Miner’s rule with 
these stress histories, fatigue damage for the different components of the connection 
is estimated. The most fatigue-critical locations in the connection where fatigue crack 
initiation can be expected are identified and ranked. The effect of rivet clamping force 
and various damage scenarios, including rivet defects, on fatigue damage is investigated. 
Comparisons between the results obtained from the global model of Chapter 3 and the 
present model are made. The rotational stiffness of the connection is also estimated 
and compared with published analytical models.
Finally, Chapter 7 summarises the principal findings and draws the main conclusions 
of the thesis. Suggestions for future work in this field are also presented.
Chapter 2
Background and Literature 
Review
This chapter presents the state-of-the-art on fatigue of riveted bridges. Initially, the 
background theory on high cycle fatigue of metallic structures is presented, whereby 
the S-N and Fracture Mechanics approaches are discussed generically. Following this 
brief overview, the discussion focuses on the more pertinent topic of fatigue of riveted 
members and connections. Within this context, previous analytical and experimental 
work is presented,, together with material test results on wrought-iron and older steels. 
The chapter closes with the presentation of case studies on the fatigue assessment of 
existing riveted bridge's.
2.1 Fatigue of Steel Structures
2.1.1 Introduction
Fatigue can be defined as the formation and propagation of cracks as a result of the 
application of alternating loads. Research on the fatigue of metals was initiated around 
the second half of the 19th century. Reviews of the historical development of this re­
search have been presented in a number of publications (Mann, 1958; Schütz, 1996; 
Schijve, 2003), while a bibliographical account of fatigue problems wais presented by
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Mann (1990). Fatigue can be seen as both a microscopic and a macroscopic phe­
nomenon. Microscopic in the sense of fatigue micro crack formation and macroscopic in 
the sense of the cracks of a mm length scale propagating up to a critical length which 
cannot be sustained under the applied loads, thus leading to fracture. The fatigue life 
is, therefore, divided into a crack initiation phase (microscopic) and a crack propagation 
stage (macroscopic). In riveted construction, the fatigue crack initiation phase accounts 
typically for the most significant part of the total fatigue life. By contrast, in welded 
construction, where cracks are present upon weld completion, the crack propagation 
stage becomes the dominant part of the fatigue life.
Fatigue crack initiation is predominantly a surface phenomenon because it not only is 
associated with macroscopic stress concentrations, such as holes, notches etc, but also 
depends on various surface conditions such as surface roughness, corrosion and fretting 
(Fuchs and Stephens, 1980; Schijve, 2001). Cracks initiate at points of weakness in 
the material which are, generally, material defects and impurities. The whole process 
involves localised cyclic slip along slip bands (Dowling, 1999; Schijve, 2001). Once a 
crack is initiated, its propagation depends on the resistance of the material to crack 
growth.
There are three major approaches to analysing and designing against fatigue (Dowling, 
1999);
1. The stress-based approach, which is based on nominal stresses appropriately mod­
ified by considering the effects of mean stresses and stress concentrations. This 
approach is based on experimental findings on typical details and is also termed 
the S-N approach.
2. The strain-based approach, which is based on more detailed analysis of the lo­
calised plastic behaviour which may occur at notches during cyclic loading.
3. The Fracture Mechanics approach, which is based on a crack initiation and prop­
agation analysis using Fracture Mechanics.
In many cases, for example in bridges, fatigue may occur at low stress levels, well below 
the yield strength of the material, a phenomenon which is termed high cycle fatigue
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since it is associated with high fatigue lives (> 10  ^ cycles). The S-N and Fracture 
Mechanics approaches are widely used for the high cycle fatigue assessment and design 
of steel bridges and are presented in detail below. On the other hand, the strain-based 
approach is typically used in the case of relatively short fatigue lives (< 10  ^ cycles). 
Since fatigue of the riveted bridges considered in this study is predominantly of the 
high cycle nature, this approach is not given any further consideration.
The theoretical review on the fatigue of metals presented in the following sections is 
based, not exclusively though, on the following main textbooks (Suresh, 1998; Barsom 
and Rolfe, 1999; Dowling, 1999; Schijve, 2001). In addition to these, the textbooks 
by Anderson (1991) and Pook (2000) were used as sources to present the theoretical 
background in the field of Fracture Mechanics. Where reference has been made to the 
original source, this is presented explicitly.
2.1.2 Stress-Based Approach
The stress-based approach is related with the concept of stress-life (S-N) curves. S-N 
curves are obtained from fatigue tests of specimens under constant amplitude cyclic 
loading and for different stress ranges A c t .  The stress range A c t  is defined as the 
difference between the maximum stress and the minimum stress {<Jmax - CTmm) of the 
cyclic loading, while the stress ratio R  is defined as the ratio of the minimum stress to 
the maximum stress {(Jmin /  CTmax)- The stress amplitude (cr )^ is defined as half of the 
stress range (A<j/2).
S-N curves are plots of stress range A c t ,  or stress amplitude ctq, versus the number of 
cycles N  to failure as depicted in Figure 2.1. Plotting the test data on logarithmic 
scales leads to, given the statistical scatter, an approximately linear relation which is 
called the Basquin equation and is given by
log{N) = log{C) — mlog{Aa) (2.1)
where 1/m is the slope of the straight line and C is a constant which depends on 
material properties and loading conditions. Simple manipulation of Equation 2.1 leads
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Figure 2.1: Typical S-N curve.
to
N { A a r  = C (2.2)
It can be seen in Figure 2.1 that a stress range Actq exists below which no fatigue 
failure occurs. This stress range is called the fatigue limit. In general, the fatigue limit 
of unnotched steel specimens is approximately equal to half the ultimate tensile strength 
of the material and is highly dependent on the surface condition of the material.
S-N curves depend on the mean stress. Accordingly, zero-to-tension loading {R = 0) 
results in lower fatigue lives than full stress reversal {R =  -1) and, in general, increase 
in the mean stress results in a decrease in fatigue life (Smith, 1942). In the past, this 
effect has been quantified through the Gerber parabola for ductile materials, and the 
modified Goodman equation for high strength, low ductility materials (Smith, 1942).
Notwithstanding the mean stress effect, residual stresses can also affect the fatigue 
life significantly. Gompressive residual stresses are beneficial since they can slow the 
initiation or even arrest the propagation of cracks. This type of stress can be introduced 
by various fatigue life-enhancing methods such as shot peening, plastic hole expansion, 
cold rolling, overloading and grinding. On the other hand, tensile residual stresses, 
typically encountered in welded details, promote crack opening and hence tend to reduce 
fatigue life (Gurney, 1979).
In structures, fatigue crack initiation is expected at locations where stress concentra­
tions (i.e. localised increase of stresses) are present. Such locations are generally found 
at positions of abrupt change in geometry such as sharp corners, grooves, holes and
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weld toes (notches). The elastic stress concentration factor Kt, which is defined as 
the ratio of the peak stress to the nominal stress, is used to identify the severity of 
the stress concentration. The lower the root radius of the notch is, the higher the Kt 
value and the lower the fatigue initiation life will be. Stress concentration factors may 
be evaluated analytically for simplified geometries by applying the principles of the 
theory of elasticity (Timoshenko and Goodier, 1970) and through finite element (FE) 
analyses for more complicated geometries. Stress concentration factors for a variety of 
simple geometries and loading conditions are available in the literature (for example, 
(Peterson, 1997)).
Although it seems intuitive to use a plain material S-N curve in conjunction with 
the appropriate Kt to predict the fatigue life of a notched specimen, fatigue lives of 
notched specimens are, in general, found to be longer than the ones predicted using the 
A"(-corrected, parent metal S-N curve. In fact, the actual fatigue strength reduction, 
which can be expressed by the fatigue notch factor K f, is usually less than the reduction 
obtained by using Kt, i.e. K f  < Kt. The notch sensitivity of a material can be defined 
by
In Equation 2.3, q = 0 implies that the notch has no effect on the material, whereas 
q = 1 implies that the notch has its maximum possible effect {Kt = K f).  Typically, q 
is lower (smaller notch sensitivity) for more ductile materials and for sharper notches.
Fatigue displays a distinct “size effect” with the fatigue strength decreasing with in­
creasing specimen size. The reason for the existence of such an effect in fatigue is 
because:
(a) Larger specimens possess larger volumes, larger number of defects and hence a 
larger probability of a crack initiating defect to be found in the vicinity of the notch 
root.
(b) The stress gradient.
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With respect to point (b), the stress concentration factor in two geometrically similar 
specimens is the same. However, a defect of the same size in these specimens will be 
subjected to a lower gradient in the larger specimen and therefore, will be subjected 
to higher stresses along its entire length when compared with the smaller specimen. 
Therefore, the fatigue strength of larger specimens will be lower. The size effect is 
accounted for in various fatigue codes (BS7608, 1990; EC3, 2005) where a reduction of 
the fatigue strength is suggested for increasing thickness.
Fatigue life also depends on the type of loading with specimens loaded under tension 
possessing lower fatigue lives than specimens loaded under cyclic bending. Furthermore, 
hostile environments such as saltwater, moisture or corrosion generally result in lower 
fatigue lives.
2.1.3 Fracture M echanics Approach
Fracture Mechanics studies the behaviour of cracks under different loading conditions. 
Different accounts of its historical development have been presented in the past with 
one of the most comprehensive being the one presented by Erdogan (2000). Linear 
Elastic Fracture Mechanics (LEFM) studies cracks based on the assumption of linear 
elastic material behaviour around the crack tip. Within the context of LEFM, which is 
most appropriate for high cycle fatigue problems, the stress intensity factor K ,  which 
was first proposed by Irwin (1957), is one of the measures used to describe the severity 
of the stresses around the crack tip. The stress intensity factor can be defined as
K  = G^pKOL Y  (2.4)
where cr is the remotely applied stress, ol is the crack length and Y  is the stress mag­
nification factor which depends on the geometry and loading conditions. K  factors for 
a wide range of cracked geometries are available in literature (Murakami, 1987; Tada 
et ah, 2000).
In the case of fatigue, crack growth may be seen to be governed by the cyclic stress 
intensity factor A K ,  which is given as
A K  = AupPoL Y  (2.5)
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Over the past four decades, numerous fatigue experiments on cracked metallic speci­
mens have shown that fatigue crack growth can be described by a simple model ac­
cording to (Paris and Erdogan, 1963)
da
dN = C '(A K y (2.6)
where m  and C' are material constants which are defined experimentally. Equation 2.6 
when plotted on a log-log scale forms the middle part (Region II) of the curve shown 
in Figure 2.2. In addition to Region II, two more distinct regions can be identified in 
the figure. The asymptote in Region I indicates the existence of a fatigue threshold 
AKth, below which cracks do not propagate. Region III indicates an acceleration of 
the fatigue crack growth rate prior to failure and the curve approaches an asymptote 
corresponding to K^ax = Kci  where K q is the fracture toughness of the material. 
An immediate corollary is that since A K  increases as the crack length increases (see 
Equation 2.5) and since da/dN  depends in a power law form on A K  (see Equation 
2.6), the crack growth rate increases rapidly with increasing crack length. Equation 
2.6 may be solved, typically using numerical integration, to yield the number of cycles 
required to propagate the crack from an initial length ai to a final length a f.
Hence, by substituting Equation 2.5 into 2.6, separating variables and integrating leads
Log da/dN Region
Region
Region
l I ^ i r ^ L o g  AKLogAKg,
Figure 2.2: Typical fatigue crack growth curve.
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to
Equation 2.7 holds true for constant amplitude loading (Acr=constant) and was derived 
assuming a constant C'. Comparison of Equations 2.7 and 2.2 reveals the equivalence 
of the stress-based and the Fracture Mechanics approaches.
Fatigue crack growth tests on steel specimens (Barsom, 1971) have shown that the 
growth rate does not depend significantly on the type of steel. Thus, a single Paris-type 
equation (Equation 2.6) may be used to characterise crack growth for a wide variety of 
steels. However, experimental evidence suggests that the crack growth rate does depend 
on R  and in the past a number of equations which incorporate R  have been proposed 
as alternatives to the Paris-Erdogan model. In addition to R, high temperatures and 
hostile environments generally result in faster crack growth and hence a shift to the 
left of the curve shown in Figure 2.2.
2.1.4 Variable A m plitude Loading
Practically all structures, including bridges, that are subjected to alternating loading 
experience irregular stress histories, which cannot be directly related to the constant 
amplitude fatigue models described in Sections 2.1.2 and 2.1.3. However, several models 
have been proposed to calculate cumulative damage under a set of distinct stress ranges 
(Fatemi and Yang, 1998), the most prominent one being based on the assumption of 
linear damage accumulation. This assumption neglects interaction (load sequence) ef­
fects by assuming that crack growth during a given cycle is not affected by prior loading 
history. However, in some cases, sequence eff'ects such as overloading or underloading 
can be significant and, accordingly, retard or accelerate fatigue crack growth (Skorupa, 
1998).
The Palmgren-Miner rule is the most widely used linear model for calculating fatigue 
damage due to variable amplitude loading (Miner, 1945). The Miner sum is expressed as
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^  =  (2-8)
where D is the total damage, is the applied number of cycles at a specific stress 
amplitude (or stress range A<Ji) and Ni is the fatigue life corresponding to the same 
stress amplitude (or range). The Palmgren-Miner rule stipulates that failure occurs 
when D >1.
Instead of directly calculating D from Equation 2.8, an alternative approach is to cal­
culate an effective stress range given as
= ( j ^ )
where NT=Y^rii and A: =  2 or 3. Having obtained A(Je//, N t  is then compared to the 
number of cycles to failure N f  which corresponds to Acr^yy via the S-N curve. Failure 
is deemed when N t  > Nf .  The method, initially proposed by Barsom and Rolfe 
(1999) with k = 2 and appropriately named the root-mean-square (RMS) (Schilling 
et ah, 1978), was later modified using k = S and re-named the root-mean-cube (RMC) 
(Moses et ah, 1987) in order to provide equivalence to the Miner sum, and consistency 
with Fracture Mechanics-based studies which have established that for most steels the 
Paris exponent m  (see Equation 2.6) is equal to 3. Variable amplitude test results on 
both small-scale (small specimens) and full-scale (large beams) welded details, have 
shown that the RMC method {k = 3) is more conservative, by approximately 10%, 
than the RMS method {k = 2) (Schilling et ah, 1978).
Although the Palmgren-Miner rule and its equivalent RMC method provide the ba­
sis for predicting fatigue failure under a loading regime, which involves a succession 
of different constant amplitude stress range blocks, it still does not offer the means 
for calculating damage caused by an irregular stress history. For this reason, several 
methods for converting irregular stress histories into a series of stress range blocks have 
been proposed over the years, with the most widely used being the rainflow method 
(Downing and Socie, 1982). This method is described in detail in BS5400 (1980).
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2.1.5 M u ltia x ia l F a tig u e
The stress-based and the Fracture Mechanics approaches as well as the fatigue damage 
calculation under variable amplitude loading, presented in the previous sections, are 
valid for the case of uniaxial loading. Furthermore, the bulk of the experimental work 
used to generate S-N curves has been carried out under uniaxial loading. However, in 
general, the local stresses developed at the location of three-dimensional (3-D) stress 
concentrations (notches) are multiaxial, even when the remotely applied loads are uni­
axial. As a result, the principal stress directions may change over time (a phenomenon 
which is termed nonproportional loading) and the principal stress histories are often of 
variable amplitude (Socie and Marquis, 2000).
Although over the years, different methods have been proposed for fatigue life predic­
tion under multiaxial stress states, currently, there is no universally accepted approach 
to the problem (Das and Sivakumar, 1999). Due to its simplicity, one of the most com­
mon approaches is the transformation of the multiaxial stress state into an equivalent 
uniaxial stress state with the same fatigue life characteristics (Garud, 1981; You and 
Lee, 1996; Tipton and Nelson, 1997; Socie and Marquis, 2000). The transformation is 
usually made by using the well-known von Mises or Tresca criteria and replacing the 
principal stresses with their ranges. However, this approach has been found to give non­
conservative results for cases of nonproportional loading (Garud, 1981; Sonsino, 1995; 
Tipton and Nelson, 1997). Another approach, which appears to better describe mul­
tiaxial fatigue data (Das and Sivakumar, 1999), is the identification of a critical plane 
on which fatigue damage is assumed to take place. Combinations of shear and normal 
stresses on the critical plane are assumed to govern the fatigue behaviour (You and Lee, 
1996; Tipton and Nelson, 1997). For proportional and constant amplitude loading, the 
critical planes are usually identified as being the ones experiencing the maximum nor­
mal or shear stress. On the other hand, for multiaxial variable amplitude loading, the 
critical plane is identified, having investigated different plane orientations, as the one 
experiencing the highest value of different shear and normal stress combinations (Ban- 
nantine and Socie, 1992; Das and Sivakumar, 1999). Further, the complex multiaxial 
loading histories can be resolved into individual cycles by using modified forms of the
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rainflow counting method and then applying Miner’s rule (Wang and Brown, 1996; 
Weber et ah, 1997; Socie and Marquis, 2000; Carpinteri et ah, 2003; Langlais et ah,
2003). Finally, the normal direction of the critical plane has been correlated with the 
mean direction of the varying principal stress directions (Carpinteri et ah, 1999a,b, 
2000; Carpinteri and Spagnoli, 2001; Karolczuk and Macha, 2005).
The multiaxial fatigue approaches presented here are not considered further in this 
thesis. This is because the issue of multiaxial fatigue is yet to be settled and its com­
prehensive treatment under variable amplitude loading is a topic of ongoing research.
2 .1 .6  F a tig u e  in  S t r u c tu ra l  C o d es
The stress-based approach, presented in Section 2.1.2, forms the basis for most fatigue 
design codes. In codes, fatigue detail-specific S-N curves are not used. Instead, different 
types of welded or bolted structural details are grouped together to form different 
fatigue classes, each being represented by its own S-N curve. For example, the BS5400 
code (BS5400, 1980) has 9 classes (designated as B, C, D, E, F, F2, C, W and S) and 
allows the choice of different target failure probabilities by parallel shifting of the S-N 
curves. In most of these S-N curves the slope of the straight line is equal to m =  3 in 
order to achieve consistency with the Fracture Mechanics approach (Curney, 1982). For 
constant amplitude loading, the fatigue limit Actq is set at an arbitrary N  =  10  ^below 
which it is assumed that no damage occurs. Variable amplitude loading is treated by 
changing the slope of the S-N curve to m 4- 2 for stress ranges below the fatigue limit. 
Additionally, fatigue strengths are assumed independent of the stress ratio R  (Curney, 
1982).
In contrast to BS5400, EC3 (2005) consists of 14 fatigue strength curves all having an 
initial slope of m =  3. Designation of each detail category reflects its fatigue strength 
at V  =  2 X 10® cycles. For variable amplitude loading, and for all categories, a change 
of slope to m =  5 is proposed beyond N  = 5 x 10® and a cut-off limit at N  = 10®. 
It is also suggested that an equivalent constant amplitude stress range, in the form of 
Equation 2.9 with k = 3, can be used for the case of variable amplitude loading.
The American Association of State Highway Traffic Officials (AASHTO) code (AASHTO,
2.1. Fatigue of Steel Structures 40
1977) proposes the use of 7 detail categories (A, B, B', C, D, E, and E') with various 
modifications. Variable amplitude loading is treated in the code by lowering the cut­
off constant amplitude fatigue limit (GAEL) for each fatigue category, calculating an 
effective constant amplitude stress range in the form of Equation 2.9 and comparing it 
with the modified fatigue limit. Long life {N > 10®) variable amplitude tests carried 
out on full-scale welded details have resulted in fatigue cracking even when only 0.1% 
of the applied stress ranges was above the GAEL (Fisher et ah, 1983, 1993). Following 
these tests, it has since been suggested in the AASHTO code that in the case where 
all stress ranges are below the GAEL, no fatigue calculation needs to be carried out. 
Otherwise, the RMS or the RMC effective stress range should be used with the straight 
line portion of the S-N curve being extended indefinitely (no cut-off) (Fisher et ah, 
1983, 1993).
The American Railway Engineering Association (AREA) code (AREA, 1996) is very 
similar to the AASHTO code with the only differences being in the S-N curves suggested 
for riveted details. On the other hand, the UK railway assessment code (Railtrack, 
2001) is based on the BS5400 detail classes but it provides two additional classes for 
plain and riveted wrought-iron details. Furthermore, cut-off limits at AT =  10® cycles 
are suggested for all detail classes.
Riveted details are considered in the BS5400, AASHTO, AREA and UK railway as­
sessment codes but are not explicitly considered in Eurocode 3. BS5400 suggests the 
use of its Class D for the fatigue assessment of lapped or spliced riveted connections. 
In AASHTO, category D is suggested for riveted connections. On the other hand, 
the AREA code suggests the use of its category D with a distinction being made be­
tween riveted connections with high or low clamping force and with drilled or punched 
holes. In Eurocode 3, a common adoption is to use the detail category 71. Finally, the 
UK railway assessment code proposes a class for wrought-iron riveted details (Class 
Wl-rivet).
Figure 2.3 presents the previously mentioned S-N curves for variable amplitude loading. 
It can be seen that the initial parts of the S-N curves (below N  = 10^), which are 
associated with a slope of m =  3 are quite similar for EC3, AASHTO and AREA.
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Figure 2.3: S-N curves for riveted details according to different structural codes (vari­
able amplitude loading).
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BS5400 appears optimistic, whereas the specific wrought-iron class (Wl-rivet) leads to 
significantly lower fatigue lives. However, in the long fatigue life regime (N > 10^) 
considerable differences in fatigue life prediction can be observed between the different 
codes. As will be seen in Section 2.4 and later in Chapters 3 and 4, the vast majority 
of stress ranges experienced by riveted bridge connections lie precisely in this region 
giving rise to high uncertainty in fatigue life prediction.
2.2 Experim ental Research on R iveted M embers and Con­
nections
The development of the riveting technique as a joining method in the middle of the 
19th century has since led to a number of static and fatigue tests being carried out on 
riveted members and connections. In these tests, the elements to be tested were either 
removed from existing bridges that were due to be replaced or were newly fabricated in 
laboratories. Small-scale fatigue tests were used more extensively than full-scale tests 
since the former were easier to prepare and conduct. As a result of this, a larger number 
of these elements could be tested thus providing a clearer picture on scatter. However, 
the distinct advantage of carrying out full-scale tests is that the size effect is implicitly 
taken into account with no further assumptions being made on the global behaviour of 
members. Most fatigue tests on riveted elements have been carried out under constant 
amplitude loading mainly due to test limitations, which existed for the most part of 
the 20th century. A detailed review of small- and full-scale fatigue and static tests on 
riveted elements as well as material tests on wrought-iron and older steels is presented 
in this section.
2.2.1 Full-Scale Fatigue Tests of R iveted M em bers and C onnections
Among the first fatigue tests are those carried out by Fairbairn (1864) on a purpose- 
built riveted wrought-iron beam under a single cyclic load at midspan. The test was 
carried out up to 3 million cycles and the failure location was at a short distance from 
the midspan of the beam. Since then, steel and wrought-iron built-up girders, which
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were removed from existing bridges, have been tested under four-point bending (Fisher 
et ah, 1987; Bruhwiler et ah, 1990; Fisher et ah, 1990; Mang and Bucak, 1990a,b, 1991; 
Akesson, 1994; Adamson and Kulak, 1995; Akesson and Edlund, 1995; Helmerich et ah, 
1997; Bassetti et ah, 1999; Xie et ah, 2001). The stress ranges that were applied during 
these constant amplitude fatigue tests, which, in some cases, were carried out up to 
20 million cycles, ranged between 40 and 165 MPa. In these tests, the beams were 
found to possess a certain degree of redundancy, with considerable number of stress 
cycles elapsing between crack initiation and final failure. The material behaviour was 
found to be ductile resulting in considerable stable crack growth which made detection 
and repair of cracks possible prior to complete section failure. Most of the girders 
failed in the constant moment region through cracks initiating mainly at the edge of 
angle rivet holes along the web-fiange connections. Failures at coverplate terminations 
were also observed (Fisher et ah, 1987; Helmerich et ah, 1997). The majority of the 
investigations suggested that the AASHTO category D (AASHTO, 1977), which is 
equivalent to the detail category 71 of EC3 (2005), provided a reasonable and slightly 
conservative estimate for the fatigue strength of riveted bridge members.
Failure caused by cracks emanating from rivet holes was also observed in other tests 
carried out on full-scale parts of bridges in tension such as hanger built-up members 
(Baker and Kulak, 1985) and tension diagonals (DiBattista and Kulak, 1995).
Fatigue tests carried out on slightly corroded riveted girders and plates revealed little 
or small effect of corrosion on the fatigue life (Out et ah, 1984; Abe, 1989; Fisher 
et ah, 1990). Grundy (1978, 1986) tested statically an extensively corroded riveted 
wrought-iron lattice girder, which had been in service for 117 years and observed no 
loss in load-carrying capacity. Furthermore, a limited number of tests carried out 
at temperatures as low as —70°C showed no temperature effects on the fatigue and 
fracture behaviour of riveted members (Out et ah, 1984; Fisher et ah, 1987).
The number of full-scale fatigue tests on riveted connections is rather limited. Abouel- 
maaty et ah (1999) carried out constant amplitude fatigue tests on two purposely 
constructed full-scale models of a typical stringer-to-cross-girder steel connection (Fig­
ure 2.4). Due to stringer rotation, both test specimens failed at the cross-girder web
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Figure 2.4: Stringer-to-cross-girder assembly tested by Abouelmaaty et al. (1999).
with fatigue cracks initiating at the locations where the upper and lower flanges of the 
stringer came into contact with the cross-girder web. More cracks were also detected 
in the cross-girder web around the double-angle connection and in the stringer web. A 
considerable amount of bending moment (approximately 8.5% of the stringer flxed-end 
moment) was found to be carried by the double-angle connection.
Three full-scale bridge parts, which were extracted from an old mild steel railway 
bridge in Sweden, were tested by Al-Emrani (2002, 2005) under constant amplitude 
loading. Each part consisted of four riveted built-up stringers connected through double 
angles to three riveted built-up cross-girders (Figure 2.5). Some connection angles were 
found to contain fatigue cracks prior to testing. The specimens failed either by fatigue 
cracking in the connection angle, due to out-of-plane distortion of the outstanding legs, 
or fatigue cracking of the rivets connecting the outstanding legs of the angles to the web 
of the cross-girder. Fatigue cracks were always found to initiate near the angle flllet 
at the upper row of rivets (where the out-of-plane distortion is maximum) and after 
slowly propagating vertically, they were self-arrested due to the gradual reduction in 
the rotational stiffness of the connections. Fatigue failures of the rivets were attributed 
to combined bending and tensile stresses being present in the rivets, the flexure of the
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Figure 2.5: Stringer-to-cross-girder assembly tested by Al-Emrani (2002) (all dimen­
sions in mm).
outstanding legs and the stress concentration between the shank and the head. It was 
found that the double-angle connections were capable of developing up to 67% of the 
corresponding moment of a fully continuous beam.
Methods of improving the fatigue life of riveted members and joints such as the drilling 
of stop-holes at the tip of cracks (Lai, 1996, 1997; Al-Emrani et al., 1999), the replace­
ment of faulty rivets by high-strength bolts (Reemsnyder, 1975; Sweeney, 1978; Baker 
and Kulak, 1985; Helmerich et ah, 1997; Valtinat et ah, 2000) and the application of 
carbon-fibre, epoxy composites (Bassetti et ah, 1999; Colombi et ah, 2003) have been 
proposed over the years.
2.2.2 Sm all-Scale Tests of R iveted M em bers and C onnections  
Static Tests
Static tests carried out by Wilson et ah (1942) on riveted double-lap joints demonstrated 
that the initial tension in the rivets increased with increasing grip length without, 
however, being affected in any appreciable way by the rivet material. Shorter grip 
rivets were found to fill the holes completely whereas longer grip rivets left a small gap 
near the middle, away from the heads. Compared to longer rivets, shorter rivets, due to
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their low clamping force, were found to require a lower shear force in order to produce 
an appreciable slip in a joint.
Munse (1959) studied the effect of bearing pressure on the behaviour of riveted connec­
tions by performing static tensile and compressive tests on 131 small-scale riveted joints 
of various geometries. The tensile specimens failed in a variety of different modes such 
as tensile failure of the plates, shear failures of the rivets and a mode that combined 
both of the above modes. By increasing the allowable bearing pressure to 2.25 times 
the allowable tensile stress, the author found that the ultimate tensile strength of the 
riveted joint is not reduced. This was also found to be the case when the ratio of the 
bearing stress to the rivet shearing stress does not exceed the value of 3.0. Similar 
observations were also made by Jones (1956).
Lewitt et al. (1969) performed static tests on full-scale riveted and bolted beam-to- 
column connections up to failure. During the initial stages of loading, the position of 
the center of rotation of the connection was found to be closer to the mid-length of 
the connection angle, for thicker angles. However, as the loading was increased, this 
position was found to shift towards the compression part of the angle which was bearing 
against the column flange.
Fatigue Tests
Small-scale fatigue testing consists of tests carried out on small steel or wrought-iron 
parts either extracted from existing bridges (e.g. plates from flanges, parts of bracings, 
shear splices) or manufactured for testing (e.g. riveted lap joints or small-scale joints 
made of plates, angles and rivets).
Wilson and Coombe (1939) carried out fatigue tests on riveted T-connections with 
angles representing a short length of the riveted connection between the stringers and 
the cross-girder in a railway bridge. The authors proposed a model (Wilson model) for 
computing flexural strengths, which assumed that the outstanding leg of the angle was 
fixed both at the angle fillet and the rivet centre line (Figure 2.6). The results showed 
that this model generally overestimated the flexural stresses in the angles.
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Figure 2.6: Fixed end model proposed by Wilson and Coombe (1939).
Results of fatigue tests in riveted single-lap joints (Carter et al., 1954) and double­
lap joints, under various stress ratios (Parola et al., 1965), demonstrated a decrease in 
fatigue life as the bearing ratio was increased. The dominant factor affecting the fatigue 
strength of riveted joints was found to be the rivet clamping force (Lenzen, 1950; Baron 
and Larson, 1953; Carter et al., 1954; Van Maarschalkerwaart, 1982; Fisher et al., 1987). 
However, a number of tests have shown that there is, generally, considerable variation 
in the initial clamping force of the rivets with values varying between 25 and 290 MPa 
(Wilson and Thomas, 1938; Wilson and Coombe, 1939; Wilson et al., 1942; Hansen, 
1959; Parola et al., 1965; Akesson, 1994; Zhou et al., 1995). Other factors such as the 
method of hole preparation (Wilson and Thomas, 1938; Van Maarschalkerwaart, 1982; 
Fisher et al., 1987), the type of steel (Hansen, 1959; Van Maarschalkerwaart, 1982; 
Fisher et al., 1987) and the stress ratio (Van Maarschalkerwaart, 1982; Fisher et al., 
1987) have been found not to affect significantly the fatigue life of a riveted joint.
Small-scale fatigue tests carried out on parts extracted from existing bridges resulted in 
fatigue lives, which were generally in agreement with the results of the full-scale tests
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presented in the previous section (Grundy, 1978, 1986; Fisher et ah, 1987; Mang and 
Bucak, 1990a,b, 1991; Zheng et ah, 1996; Xie et ah, 2001).
2.2.3 M aterial and Crack-Growth Tests on Old Steel and W rought- 
iron
Uniaxial tests carried out on small coupon specimens extracted from existing riveted 
bridges and members have revealed considerable variability in the material properties 
of older steels and wrought-iron. For example, the yield strength of wrought-iron has 
been found to vary between 200 and 325 MPa (Grundy, 1978, 1986; Bruhwiler et ah, 
1990; Schindler and Morf, 1990; Helmerich et ah, 1997; Badoux and Sparks, 1998; 
Tattoni et ah, 1999; Holzinger et ah, 2002; Navasaitis et ah, 2003; Moy et ah, 2004; 
Gordon and Knopf, 2005), values which are slightly lower, on average, than the yield 
strength of older steels. The latter has been found to lie in the range between 225 
and 330 MPa (Brandes, 1990; Bruhwiler et ah, 1990; Eriksson, 1990; Mang and Bucak, 
1991; Akesson, 1994; Adamson and Kulak, 1995; Zheng et ah, 1996; Helmerich et ah, 
1997; Bassetti et ah, 1999; Spyrakos et ah, 2004; Ermopoulos and Spyrakos, 2006). 
Significant variability in the ultimate strength of wrought-iron has also been observed 
with values being in the range of 270 to 475 MPa (Morgan, 1999; Tattoni et ah, 1999; 
Holzinger et ah, 2002; Navasaitis et ah, 2003; Moy et ah, 2004; Gordon and Knopf, 
2005). The ductility of wrought-iron has been found to be lower, by as much as 10 to 
15%, than that of mild steel (Grundy, 1978, 1986; Bruhwiler et ah, 1990; Schindler and 
Morf, 1990; Gordon and Knopf, 2005). The value of Young’s Modulus for wrought-iron 
has also been determined through tests and it was found to vary between 170 and 
223 GPa (Cullimore, 1967; Bruhwiler et ah, 1990; Bhavnagri, 1995; Helmerich et ah, 
1997; Moy et ah, 2004). Moreover, a limited number of tests on old steel material have 
resulted in an average Young’s Modulus value of 212 GPa (Bassetti et ah, 1999). On the 
other hand, crack growth tests on Compact Tension (CT) specimens have revealed that 
the fatigue behaviour of wrought-iron and older steels is similar to that of mild steel 
(Brandes, 1990; Helmerich et ah, 1997). Charpy tests on specimens (Bruhwiler et ah, 
1990; Eriksson, 1990; Schindler and Morf, 1990) have revealed low fracture toughness 
values for wrought-iron and older steels indicating that these materials may be more
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susceptible to fracture than modern steels, thus implying shorter crack lengths that 
may be sustained under load.
2.2.4 Comparison of Experim ental R esults
The results of the full-scale fatigue tests of the riveted members and connections, pre­
sented in Section 2.2.1, are shown in Figure 2.7 together with the mean and design S-N 
curves of two different BS5400 fatigue detail classes. The design S-N curve is speci­
fied as mean minus two standard deviations in BS5400 (1980). As was mentioned in 
Section 2.1.6, Class D is suggested by BS5400 for riveted connections. Furthermore, 
Class B, modified by a stress concentration factor of 2.4, has also been proposed for 
riveted details (Xie et ah, 2001). This modified class, which will be termed as modified 
Class B for the remainder of the thesis, may be thought of being representative of rivet 
holes with low or no clamping force in the rivets. Figure 2.8 shows the results from 
the corresponding small-scale fatigue tests on riveted connections and small specimens 
(with holes, with/without rivets). It has to be mentioned that in Figures 2.7 and 2.8 
run-outs are not shown.
It can be seen from Figures 2.7 and 2.8 that there is a considerable degree of scatter 
in the fatigue test results obtained from different sources. In general, fatigue test 
results display considerable scatter even when nominally identical specimens are tested 
under nominally identical conditions. However, here, additional reasons may be seen 
to contribute to this scatter. For example, the test results include a wide range of rivet 
clamping force values and bearing ratios, which, as mentioned in Section 2.2.2, have 
been found to have a great influence on the fatigue life of riveted joints. Other factors 
that may have contributed to the wide scatter are the possible presence of corrosion on 
the test specimens, the different stress ratios that were applied during different tests, 
the different types of specimens tested under different loadings (for example built-up 
riveted girders and lattice girders under bending or axially loaded built-up members), 
the different material properties (old steel or wrought-iron) and the method of hole 
preparation (drilled or punched). Moreover, different failure criteria were used during 
these tests. For example, investigators have terminated their tests on the basis of
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Figure 2.7: Results of full-scale fatigue tests on old steel and wrought-iron riveted 
members and connections compared with four BS5400 (1980) S-N curves.
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Figure 2.8: Results of small-scale fatigue tests on old steel and wrought-iron riveted 
connections and specimens with holes, with/without rivets, compared with four BS5400 
(1980) S-N curves.
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first observed cracking (Reemsnyder, 1975; Out et al., 1984; Al-Emrani et al., 1999; 
Bcissetti et al., 1999), fracture (Fisher et al., 1987; Mang and Bucak, 1990a, 1991; 
Akesson, 1994; Adamson and Kulak, 1995; DiBattista and Kulak, 1995) or excessive 
deformation (Baker and Kulak, 1985; Bruhwiler et al., 1990; Helmerich et al., 1997). 
Through observation of Figures 2.7 and 2.8 it can be said that the scatter associated 
with riveted members and connections is greater than the scatter evidenced with welded 
details (DiBattista et al., 1998b).
The data presented in Figures 2.7 and 2.8 implies a higher standard deviation than 
that associated with the modified Class B and Class D and a non uniform coefficient of 
variation across the range of Acr values. As can be seen, the BS5400 modified Class B 
mean S-N curve lies closer to the lower bound of the experimental data. On the other 
hand, the Class D mean S-N curve is closer to the upper bound of the full-scale test 
results of Figure 2.7 and it provides a good mean fatigue life estimate for the small-scale 
test results (Figure 2.8). It is quite evident in the figures that very few fatigue tests 
have been carried out at low stress ranges (< 60 MPa) and high endurances. More tests 
are needed in this region, which is the region of interest in the case of riveted bridges 
(Sweeney, 1990).
The fatigue data on wrought-iron riveted members and connections (full-scale/ small- 
scale) of Figures 2.7 and 2.8 are re-plotted in Figure 2.9 in order to make direct com­
parisons with the mean and design S-N curves for wrought-iron riveted details (Class 
Wl-rivet) proposed by the UK railway assessment code (Railtrack, 2001). It can be seen 
in Figure 2.9 that the mean wrought-iron S-N curve provides a reasonable mean fatigue 
life estimate for wrought-iron riveted connections. Similarly, Figure 2.10 re-plots the 
fatigue data of small-scale wrought-iron specimens with empty holes presented previ­
ously in Figures 2.7 and 2.8. It can be seen in Figure 2.10 that the majority of the 
results lie above the Class Wl-rivet mean S-N curve. This can be explained by the fact 
that the wrought-iron S-N curve is used to represent riveted details whereas the test 
results were obtained from specimens with empty holes. Nevertheless, the wrought-iron 
S-N curve can be seen to provide a reasonably conservative mean fatigue life estimate 
for wrought-iron riveted details.
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Figure 2.9: Fatigue test results on wrought-iron riveted members and connections com­
pared with the Railtrack (2001) wrought-iron mean and design S-N curves.
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Figure 2.10: Fatigue test results on small-scale wrought-iron specimens with holes 
compared with the Railtrack (2001) wrought-iron mean and design S-N curves.
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In summary, by comparing Figures 2.7 to 2.10, it may be seen that the Class D and 
Class Wl-rivet mean S-N curves provide reasonable estimates for the mean fatigue life 
of old steel or wrought-iron riveted members and connections. On the other hand, 
modified Class B appears to be appropriate as a lower bound detail classification. For 
these reasons, all three classes will be used selectively in subsequent chapters of this 
thesis.
2.3 Analytical and Numerical Studies on R iveted and Bolted  
Connections
Previous analytical and numerical investigations on bridge riveted members and con­
nections are sparse. A bibliographical review of FE methods applied to various types 
of connections, including bolted and riveted connections, has been given by Mackerle 
(2003). Most of the research has concentrated on the FE analysis of bolted beam- 
to-column connections and lap joints (Yang et al., 2000; Hong et al., 2002; Ju et al.,
2004). Accordingly, the work has focused on modelling the force-displacement or the 
moment-rotation behaviour in order to obtain the elastic rotational and translational 
stiffness of bolted (Wales and Rossow, 1983; Azizinamini et al., 1987; Kishi and Chen, 
1990; Attiogbe and Morris, 1991; DeStefano and Astaneh, 1991; DeStefano et al., 1993; 
Shen and Astaneh, 2000; Lee and Moon, 2002) and riveted (bothers, 1951; Lee and 
Moon, 2002) beam-to-column connections with angles. In this section, only the elastic 
properties of the connections will be discussed since fatigue of riveted railway bridges 
is mainly associated with elastic response. A number of analytical connection models 
will be presented below. More detailed information on these models can be found in 
Appendix B.
bothers (1951) developed equations to estimate the rigidity of beam-to-column con­
nections with angles by using slope-defiection equations coupled with classical beam 
theory. The angle was assumed to be fixed at the center positions of the fasteners.
The position of the neutral axis was found by using the concept of the transformed 
section and by noting that the compression area below the neutral axis is opposed by a
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shear area above it. Good agreement between analytically and experimentally obtained 
values of the connection stiffness was observed.
In the analytical model developed by Azizinamini et al. (1987) in order to predict the 
initial stiffness of beam-to-column bolted connections, the angle was modelled as a 
series of beam elements. Two types of beam elements were considered, namely, rigid 
to model the sections adjacent to the bolts, and, flexible to model the sections between 
the bolts. The rigid type of beam was assumed to be free to translate laterally but fixed 
against rotation at the heel of the angle. It was also assumed to be fixed at the edge 
of the bolt due to its clamping force. The initial rotational stiffness of the connection 
was derived by using modified slope-defiection equations and assuming that the neutral 
axis is at the bottom of the connection. The connection stiffness calculated using this 
model was in good agreement with experimental results.
Kishi and Chen (1990) determined the initial elastic stiffness and ultimate moment 
capacity of semi-rigid, beam-to-column bolted connections with angles by using an 
analytical procedure. The effect of the shear force on the connection deformation was 
considered to be negligible and the part of the angle connected to the beam was assumed 
to behave as a rigid body. The part of the angle connected to the column flange was 
modelled as a thick plate which was fixed at the fastener-nut edge. The elastic stiffness 
was derived by using bending-torsion theory.
Al-Emrani (1999) developed a simple analytical model to estimate the rotational stiff­
ness of a stringer-to-cross-girder connection by using the assumption of Wilson and 
Coombe (1939) regarding the fixity of the angle (see Section 2.2.2). The connection 
was divided into a number of segments which had the same axial stiffness. The author 
also assumed that the cross-girder web remains rigid and that the connection follows a 
linear load-deformation behaviour.
Paasch and DePiero (1999) and DePiero et al. (2002) carried out 3-D FE analyses 
on a global model of a riveted highway bridge and on a local model of a stringer- 
to-cross-girder connection. In the global model, beam elements were used to model 
the cross-girders and the stringers, whereas the reinforced concrete deck was modelled 
using orthotropic plate elements. The boundary conditions created by the clip angles
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in the stringer-to-cross-girder connections were also modelled by using very short beam 
elements. The model was loaded by one axle of a standard fatigue truck. The midspan 
moments obtained from the global model were compared with field measurements. The 
measured stresses were found to be considerably lower than their FE counterparts and 
this was attributed to the composite interaction between the deck and the stringers, 
which was not taken into account in the FE analyses. The local model of the stringer-to- 
cross-girder connection consisted of a stringer, part of the cross-girder and a connection 
angle, all of which were modelled using brick elements. Contact was modelled between 
the different parts of the connection. The root of the angle fillet at the top part of 
the connection was found to be the most highly stressed region. The clip angles of the 
riveted connections situated in the interior spans of the bridge were found to be more 
highly stressed than the connections situated at the end spans of the bridge.
Shen and Astaneh (2000) estimated the initial stiffness of a double-angle, beam-to- 
column bolted connection by representing the angle leg connected to the column as a 
beam element. A translational and a rotational spring were used at the location of the 
column bolt to represent the interaction of the bolts with the angle. A roller support was 
assumed near the angle fillet in order to prevent lateral displacement of the angle toe 
towards the beam web. With regard to the initial stiffness, good agreement between the 
analytical predictions and experimental results was observed with differences ranging 
between 5 and 10%.
Roeder et al. (2001) presented a method for estimating the stiffness of bolted and 
riveted connections based on experimental tests on various connections. The connection 
stiffness was related to the second moment of area of the bolt or rivet group by a least 
squares fit on the experimental results.
Lee and Moon (2002) developed an analytical model in order to describe the nonlinear 
moment-rotation behaviour of semi-rigid connections with web angles. The behaviour 
of the angle segment was investigated by assuming small connection deformation and 
negligible slip. The authors assumed that the angle was fixed at the edge of the bolt nut 
and at the leg connected to the beam web. Furthermore, the leg of the angle adjacent 
to the beam was assumed to behave as a rigid body. In the case of bolts, the full length
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of the angle was assumed to resist the bending moment, whereas in the case of rivets, 
an effective length equal to the diameter of the rivet times the number of rivets was 
suggested. The model predictions for the initial connection stiffness were found to be 
in good agreement with experimental findings, with the maximum discrepancy being 
22%.
Al-Emrani and Kliger (2003) carried out FE analyses of a riveted, double-angle, stringer- 
to-cross-girder connection of a railway bridge. Exploiting symmetry, the authors used 
a 3-D model of a half-stringer and one connection angle connected to a rigid surface 
representing the cross-girder web (Figure 2.11). The stringer was modelled with shell 
elements, whereas 8-noded brick elements were used for the connection angles and the 
rivets. The assembly was loaded statically by two point loads as shown in Figure 2.11. 
Contact between the rivets and the connection angle and the connection angle and
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Figure 2.11: Finite element model of a stringer-to-cross-girder assembly developed by 
Al-Emrani and Kliger (2003).
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the rigid surface was modelled assuming Coulomb friction with a friction coefficient 
of 0.3. Three different clamping force values were used for the rivets (30, 65 and 140 
MPa). Bending stresses in the stringer near the connection, which were calculated 
through the FE model, were compared to values obtained through measurements on 
full-scale assemblies (Al-Emrani, 2002). It was found that the model was capable of 
reproducing rather accurately the stresses and rotational stiffness of the connection. 
The out-of-plane deformation of the outstanding leg of the connection angle relative to 
the cross-girder was found to be extremely small (maximum of 0.25 mm for a load of 
200 kN). The analyses revealed that the rotational stiffness of the connection was not 
affected by the magnitude of the clamping force. However, increase in the clamping 
force was found to result in the reduction of the axial stress range in the rivets caused 
by the external loads, the stress range corresponding to an applied load range from 0 
to 180 kN. Bending stresses of the outstanding leg were found to increase along the 
gauge distance reaching a maximum at the fillet of the angle. These, however, were 
not affected by the rivet clamping force. Finally, the local stress range at the junction 
between the rivet shank and head due to bending of the rivet was found to decrease 
with increasing clamping force.
Al-Emrani et al. (2004) carried out 3-D FE analyses of part of a truss bridge, which in­
cluded a cross-girder, two pairs of stringer halves and bracings. The model is shown in 
Figure 2.12. The cross-girder, stringers and the double-angle connections were modelled 
by using shell elements. Beam elements were used to model the bracings. By statically 
traversing a train over the bridge, secondary forces of considerable magnitude were 
found to develop on different members and connections. In particular, secondary axial 
forces in the stringers and bending of the cross-girders along their weak axis were iden­
tified as critical and could lead to fatigue cracking of these members or the connections. 
The connections between the stringers and cross-girders were found to possess consid­
erable fixity resulting in negative bending moments at the stringer ends and secondary 
stresses in the connection angles and the rivets.
Lemonis and Gantes (2005) developed a two-dimensional analytical model for T-stub 
bolted steel connections. In their work, the authors modelled the T-stub as a continuous 
beam and the bolts as springs and used classical beam theory in order to derive the
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Figure 2.12: 3-D finite element model developed by Al-Emrani et al. (2004). 
load versus displacement behaviour of the connection.
An analytical model, for estimating the initial stiffness as well as the bending and 
rotation capacities of beam-to-girder bolted connections was developed by Oliveira 
and Batista (2005). The main components that contribute to joint deformation were 
modelled by translational springs. Contributions from bolts in tension, bolts in shear, 
angles in bending, web angles in bearing and beam web in bearing were taken into 
account. The analytically derived initial rotational stiffness was found to agree well 
with experimental results.
2.4 Fatigue Assessm ent of R iveted Railway Bridges - Case 
Studies
The majority of riveted, wrought-iron or old steel railway bridges throughout the world 
were constructed before the middle of the twentieth century. There is a variety of 
different types of these bridges in existence, which, depending on the type of cross- 
section and the floor system, can be divided into deck girder, deck truss, through-
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girder and through-truss bridges. These different types are shown in Figure 2.13. In 
deck bridges, the floor system lies below the railway whereas in through bridges it lies 
above it. The bridges usually consist of two main plate girders or two main trusses 
which are interconnected by transverse cross-girders. Longitudinal stringers may be 
interconnected between the cross-girders.
Notwithstanding the gradual increase of traffic volume and traffic loads, coupled with 
the old age of these bridges, a fatigue assessment is in many cases essential in order 
to ascertain their safety and, where appropriate, to prevent unnecessary replacements 
and repairs.
Several methodologies for the fatigue assessment of existing riveted bridges have been 
proposed over the years. Some of these were based on the S-N approach (Garg et ah, 
1982; Wagh and Abrahams, 1989; Geissler, 2002) combined, in some cases, with field 
measurements (Szeliski and Elkholy, 1984; Bhavnagri, 1995; Bruhwiler, 1995; Herter 
et ah, 2002). More elaborate. Fracture Mechanics-based (Brandes, 1989; Dahl et ah, 
1990; Van Maarschalkerwaart, 1990; Kunz and Hirt, 1993; Sedlacek and Hensen, 1993; 
Kunz et ah, 1994; Keller et ah, 1995; Byers et ah, 1997a; Stotzel et ah, 1997) and proba­
bilistic (Bruhwiler and Kunz, 1993; Tobias and Foutch, 1995; Weiwen and Mohammadi, 
1996; Byers et ah, 1997b; Tobias and Foutch, 1997; Mencik et ah, 2005) approaches 
were also adopted.
__m
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Figure 2.13: (A) Deck girder bridge (B) Deck truss bridge (G) Through-girder bridge 
(D) Through-truss bridge (McGuire, 1968).
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Garg et al. (1982, 1985) estimated the fatigue lives of built-up members of a riveted 
open deck, truss bridge having a span of 53 m. An analytical model was developed 
by assuming semi-rigid connections between cross-girders and stringers and rigid con­
nections between the remaining members. Top bracing members were assumed to be 
hinged at their ends. The rotational stiffness values that were used for the semi-rigid 
connections were calculated according to Lothers (1951) (see Section 2.3). Dynamic 
analyses using two freight cars (70 and 100 ton) having variable speeds were carried 
out in order to estimate the stress ranges experienced by the critical members. Bridge 
vibration, vehicle vibration and bridge-vehicle interaction were also taken into account. 
It was found that dynamic amplification due to vibrations was significant. Impact fac­
tors were generally found to be conservative when compared to AREA specifications 
(AREA, 1996). Fatigue lives were calculated by using the RMG method (see Section 
2.1.4) and the AREA (1996) category D for the hangers, stringers and cross-girders 
and the AREA (1996) category A (plain material) for the stringer-to-cross-girder con­
nections. The fatigue lives, which were found to lie between 50 and 140 years for the 
critical members, were determined by considering only freight traffic.
Szeliski and Elkholy (1984) carried out a fatigue investigation of a railway truss bridge 
consisting of two 35.6 m through-truss and two 25.2 m through-plate girder spans 
(Figure 2.14). The bridge was built in 1901 and was of riveted construction. Field 
strain measurements were taken on several members of the bridge. Measured impact 
values (4% to 9% at velocities between 65 to 80 km/h) were much lower than the ones 
predicted by the AREA (1996) design code (51.5%). Future traffic was estimated by 
assuming an annual growth of 5%. Detailed field inspection of the bridge revealed short 
cracks (3-6 mm) at the cross-girder-to-hanger connection and, therefore, these details 
were classified as AREA category G. By using the RMS method (see Section 2.1.4) and 
past rail traffic data, it was estimated that the remaining fatigue lives of the stringers 
and cross-girders were 7 and 16 years, respectively. As a result of this study, the bridge 
was retrofitted by replacing critical rivets with high-strength bolts.
Wagh and Abrahams (1989) calculated the remaining fatigue life of a riveted railroad 
bridge that was built in 1905. Midspan locations and flange cover plate terminations 
were judged to be the most fatigue-critical details and were, accordingly classified as
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Figure 2.14: The Assiniboine River Bridge (Szeliski and Elkholy, 1984).
AREA (1996) category D details. The traffic history was estimated through historical 
records. Effective stress ranges were calculated by using the RMS and RMC methods, 
which were then used to estimate the remaining fatigue lives of critical members. It 
was found that the effective stress ranges the different critical details had experienced 
in the past were, in most cases, below the fatigue limit. The remaining fatigue live of 
the bridge was estimated to be in excess of 50 years.
Jahren and Rooker (1991) investigated the fatigue life of a 60 m, riveted, steel bridge 
which was built in 1913. Criticality of the bridge members was identified by carrying out
3-D analysis of the bridge. The hangers and the midspan of stringers were considered 
as being fatigue-critical and classified as AREA (1996) category C or D. Field mea­
surements confirmed that some degree of fixity existed in the stringer-to-cross-girder 
connections which was, however, neglected in the structural model. By using historical 
data on train car weights, it was found that approximately 20-25% of the fatigue life 
of the members had been expended.
The reliability and remaining service life o^f a wrought-iron bridge, which was built in 
1875, was investigated by Bruhwiler and Kunz (1993). The wrought-iron bridge was 
of the through-truss type consisting of two 70 m and two 57 m spans. The bridge 
had been strengthened in the past by reinforcing several critical elements. The fatigue
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reliability of the elements were checked by using the classic reliability formulation of 
R — S  where R  is the resistance and S  is the load effect. The resistance term R  was 
based on experimental results of wrought-iron specimens tested by Bruhwiler et al. 
(1990). The load effect S  was based on refined rail traffic models for the past and 
future, which were obtained through available statistical data. It was concluded that 
the bridge could be used for the next 25 years without any restrictions.
Methods for reliability-based fatigue analysis of railway bridges were developed by Kunz 
and Hirt (1993) and Kunz et al. (1994). The formulation they used was of the R — S  
form as discussed in the previous paragraph. Using Fracture Mechanics principles, 
the methodology was based on a modification of the S-N curves, at the region of the 
fatigue limit. Accordingly, it was suggested by the authors that if some of the stress 
ranges were above the fatigue limit, the fatigue limit would decrease with increasing 
crack size. Kunz and Hirt (1993) demonstrated that the uncertainty in the fatigue 
limit as well as the model uncertainty have considerable influence on the probability of 
fatigue failure. By performing a sensitivity analysis, Kunz et al. (1994) concluded that 
remaining fatigue life estimates are more sensitive to the stress ranges experienced by 
the detail and its assumed S-N curve than to the traffic composition and the number 
of stress cycles.
A number of field investigations were conducted by Akesson (1994) on various Swedish 
riveted railway bridges, constructed between 1903 and 1928. Spans varied between 10 
m and 104 m. Both truss and girder bridges were investigated. Visual and ultrasonic 
inspections were unable to reveal the presence of any cracks or loose rivets. The worst 
type of reported damage was some limited corrosion. Through strain measurements, the 
maximum stress range for the bridges was found to be approximately 42 MPa, a value 
which was much lower than the value predicted through numerical modelling. Good 
agreement was observed between the measured and calculated defiections. Dynamic 
amplification was found to be negligible in most cases. With the use of past historical 
train records, an assumed 5% annual growth in future traffic and Miner’s rule, remaining 
fatigue life values were estimated to be approximately 30 years for four of the bridges 
and in excess of 50 years for the remaining bridges.
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Bhavnagri (1995) carried out a fatigue assessment on a wrought-iron, lattice girder rail 
bridge in Australia, constructed in 1876. The author classified the investigated bottom 
flange of the cross-girders as Class D according to BS5400 (1980). By considering 
past traffic models obtained from historical records, the remaining fatigue lives of these 
members were estimated in the range of 20 to 30 years. Furthermore, inspection of the 
cross-girder revealed fatigue cracks and broken rivets at the bottom part of the cross- 
girder-to-main girder connections, which led to the decision of cross-girder replacement.
Bruhwiler (1995) investigated eight identical riveted mild steel bridges built in 1894. 
The lattice truss-type structures consisted of a reinforced concrete deck supported by 
mild steel members and had a span of 34 m. Cross-girders were modelled as being 
either simply supported or partially fixed and the maximum stress ranges using these 
assumptions were found to be 93 and 71 MPa, respectively. These values were consid­
erably higher than the maximum stress range obtained through field measurements (25 
MPa). Subsequent inspection revealed no fatigue damage since the latter value is well 
below the fatigue limit of Eurocode 3 (EC3, 2005) detail category 71 (52 MPa).
A fatigue assessment of a very old wrought-iron riveted railway bridge in Switzerland 
was performed by Keller et al. (1995). The lattice truss bridge was built in 1859 and 
consisted of two 37.5 m spans and one 55 m span. The detail category 71 of Eurocode 
3 (EC3, 2005) was chosen for the riveted bridge members. Numerical simulation of the 
passage of the heaviest freight train was found to result in a maximum stress range 
of 59 MPa, which is slightly higher than the fatigue limit of category 71 (52 MPa). 
By using the assumption of Kunz and Hirt (1993) and Kunz et al. (1994), presented 
previously, that if some of the stress ranges are above the fatigue limit, the fatigue limit 
would decrease with increasing damage, it was found that the GAEL would marginally 
decrease to 51 MPa due to past fatigue damage. The maximum stress range predicted 
through numerical simulation of the passage of assumed future trains was 31 MPa. 
Since this value was below the reduced CAFL (51 MPa), the detail’s remaining fatigue 
life was found to be virtually infinite.
Philbrick et al. (1995) performed field measurements on two similar riveted, open- 
deck, through-plate girder bridges (Figure 2.15). The bridges were built in 1917 and
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1904 and had spans of 21.3 m and 12.2 m. Strain measurements were obtained on 
the plate girders, cross-girders and stringers under the passage of a test train. These 
were then compared with the numerical results obtained from computer analyses of 
the bridges assuming different fixity conditions for the connections. Good agreement 
between the measured and numerical results was observed, with the fixed connection 
assumption being more accurate. For the case of the larger span bridge, the stress 
ranges were estimated to be below the AREA (1996) category D fatigue limit (48 
MPa) thus resulting in an infinite fatigue life. On the other hand, in the case of the 
shorter span bridge, the maximum stress range was estimated to be above the fatigue 
limit. However, the authors did not report any remaining fatigue life estimate.
The remaining fatigue life of three truss and three plate girder riveted bridges was 
investigated by Weiwen and Mohammadi (1996) on both a deterministic and a proba­
bilistic basis. Stress ranges were described via probability density functions based on 
field measurements. The chords, hangers, diagonal members of the trusses and the bot­
tom flanges of the plate girders and stringers were considered as being fatigue-critical 
and were classified according to BS5400 (1980) as Class D. By choosing a 99.9% fractile 
(i.e. corresponding to 99.9% reliability), half of the components that were investigated 
were found to have remaining fatigue lives less than 25 years.
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Figure 2.15: Typical cross sections of the bridges investigated by Philbrick et al. (1995).
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A  reliability-based method was developed and used by Tobias and Foutch (1997) for the 
fatigue assessment of five riveted bridges in the United States. A shifted AHEA fatigue 
line was suggested for riveted members with smooth holes and tight rivets, as shown 
in Figure 2.16. This modification was suggested on the basis of experiments, which 
demonstrated that riveted members exhibit a better fatigue behaviour. Fatigue strength 
and fatigue loading were assumed as random and were described by the Gaussian and 
lognormal probability distributions, respectively. The scatter in fatigue strength was 
based on an examination of a large number of past fatigue test data on riveted details 
whereas mean values were assumed to be represented by the AREA mean S-N curves. 
The fatigue loading distribution was obtained via generation of response spectra for 
different types of freight trains using Monte Carlo train simulations. An open deck, 
plate girder, short-span (12.2 m) bridge was selected for further studies, where it was 
estimated that the bridge’s remaining fatigue life, at the 50% fractile level, would double 
in the presence of smooth rivet holes and high clamping forces. It was suggested by 
the authors that the mean fatigue life of similar short-span railway bridges may be 
overestimated by as much as 15% if variance in car and axle loadings is not considered.
Byers et al. (1997b) presented a reliability method, similar to the one of Tobias and 
Foutch (1997). Particular emphasis was given to a probabilistic Fracture Mechan­
ics procedure used in combination with Bayesian updating. The refiability procedure
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Figure 2.16: Fatigue shift line (FSL) for riveted members (Tobias and Foutch, 1997).
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incorporated inspection in order to update the probability of failure. A probability 
distribution for crack size prior to inspection and a curve related to the probability 
of detection of a crack are required in this method. The latter can be assumed to be 
conditional of the crack size.
Adamson and Kulak (1995), DiBattista and Kulak (1995) and DiBattista et al. (1998a) 
investigated the truss diagonals and the stringers of a 38.1 m truss bridge constructed 
in 1911. Comparison of field measurements with a structural model of this bridge 
revealed that fully fixed connections resulted in better representation of the stringer 
stresses whereas pinned connections resulted in better representation of the diagonal 
member stresses. The details were classified as AREA (1996) category D. By using the 
RMC effective stress range concept and a traffic history that included three different 
types of trains, the remaining fatigue lives of the critical members were found to be 
over 50 years.
A 46 m truss bridge was investigated by Ebrahimpour et al. (1990). Their study 
focused on the fatigue life of the chord and hanger members. Stress histories of these 
members were obtained through a structural model of the bridge and available historical 
train records. The critical details were classified as AREA (1996) category D, and, 
accordingly, it was found that the fatigue life of the investigated members would be 
reduced by 28 years as a result of the introduction of heavier freight traffic.
Dahl et'al. (1990), Sedlacek and Hensen (1993) and Stotzel et al. (1997) developed a 
methodology for the fatigue assessment of riveted railway bridges that is based on a 
Fracture Mechanics-based toughness verification. Following the results of full-scale tests 
on parts taken from old steel bridges, it was postulated that cracks would most probably 
initiate under the rivet heads and propagate through the plate thickness and along the 
width of the outer plates. Three plate models with different crack configurations were 
used to represent typical riveted structural details. By using these models coupled with 
the Paris-Erdogan model (see Section 2.1.3) and assuming a minimum detectable crack 
size of 5 mm, the authors were able to determine appropriate inspection intervals.
Again, within the context of Fracture Mechanics, Van Maarschalkerwaart (1990) demon­
strated that fatigue crack growth is more rapid in the case of a hole with a loaded rivet
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as compared with the case of an unloaded rivet. Moreover, the crack growth rate 
was found to increase with decreasing distance of the hole from the edge of the plate. 
Finally, the author considered a variety of different crack growth scenarios of cracks 
initiating from rivet holes.
2.5 K ey Issues Arising from Previous Work
It can be seen from the case studies presented that, notwithstanding the different 
structural forms of old riveted railway bridges, a variety of assumptions are made for 
different bridge structures, either from the loading or the resistance point of view. 
However, the fatigue assessment procedures used for different bridges, which can be 
either deterministic or probabilistic, have some common features. In the majority 
of the cases, the riveted details have been classified according to the AREA (1996) 
category D, BS5400 (1980) Class D or the Eurocode 3 (EC3, 2005) detail category 71. 
Furthermore, availability of historical records has, in some cases, led to the development 
of more detailed traffic histories thus allowing a more accurate evaluation of past fatigue 
damage. In the absence of historical records, examples of representative past traffic 
loads are suggested by the International Union of Railways in one of their codes (UIC, 
1986). In several cases, field measurements have been used to establish the validity of 
an analytical or structural model of the bridge in question. Some of these models may 
involve the interaction of global with local effects, the latter being important for fatigue 
assessment (Enevoldsen et al., 2002). In general, the stresses obtained through field 
measurements are lower than their calculated counterparts (Drew, 1966, 1968; Byers, 
1976; Grundy, 1982; Foutch et al., 1990b; Grundy and Chitty, 1990; Pietraszek, 1990; 
Sweeney et al., 1997). This can be attributed to several reasons such as beneficial 
effects of the longitudinal and transverse distribution of train axle loads through the 
rails, sleepers and ballast, which are typically ignored in analysis, the higher design 
axle loads given in codes as compared to the true axle loads obtained through field 
measurements, and, finally, the partial end fixity of the various bridge members.
It should be noted that, in the majority of the case studies presented in this chapter, 
fatigue assessment was carried out by considering exclusively the primary stresses. Un-
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der this condition, these bridges were found in general to possess considerable fatigue 
strength. This was confirmed, through experiments and field measurements, by observ­
ing that the primary members are, generally, not fatigue-critical due to the low level 
of stress ranges that have been experienced so far (Fisher et al., 1987; Akesson, 1994). 
Due to the inherent limitations of the analytical models of the riveted bridges under 
investigation, the effect of secondary stresses was not captured. However, secondary 
stress effects in riveted connections between primary bridge members have been found 
to be one of the main reasons of fatigue damage (Sweeney, 1978; Fisher et al., 1987; 
Miki, 2004; Al-Emrani, 2005). The presence of some degree of rotational fixity in riv­
eted connections and, in some cases, the low rivet clamping force have been identified 
as being the major causes leading to fatigue cracking of riveted connections (Bhav­
nagri, 1995; Al-Emrani, 2002; Miki, 2004; Al-Emrani, 2005) and popping-out of rivet 
heads (Fazio and Fazio, 1984). As a result, it has been suggested over the years that 
secondary and deformation induced stresses should be considered during the fatigue 
assessment of riveted bridges (Byers, 1976; Moses et al., 1987; Smith and Hirt, 1989; 
Al-Emrani et al., 2004). This is not an easy task since, in most cases, elaborate and 
refined modelling techniques are needed in order to capture these secondary effects.
The conclusions that can be drawn from the literature review on riveted members and 
connections may be summarised as
• A high degree of redundancy exists, generally, in riveted built-up members. Fail­
ure of the entire member is gradual, thus allowing, in most cases, time for the 
detection and repair of cracks.
• Mild corrosion (corrosion outside of the hole and rivet head) and low temperatures 
have a small effect on the fatigue life of riveted members.
• A large variability has been observed in the rivet clamping force which in turn 
has a significant effect on fatigue life.
• Coverplate terminations and sections of highest moment and highest corrosion 
have been identified, among others, as the fatigue-critical sections in riveted mem­
bers.
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• Increase in the rivet bearing ratio and decrease in the rivet clamping force have 
been observed to result in a lower fatigue life.
• Wrought-iron and mild steel members have similar fatigue crack initiation lives. 
However, wrought-iron has a lower ductility and, therefore, a worse fatigue crack 
growth behaviour as compared with mild steel.
• A limited number of case studies on riveted railway bridges have revealed that, 
in general, the stresses experienced by critical members during their lifetime are 
in the region of the fatigue limit.
• In general, the stresses obtained through field measurements on riveted bridges 
are lower than their calculated counterparts.
• A limited number of studies have demonstrated that continuous models of bridges 
predict the stresses in stringers and cross-girders with a higher accuracy than 
pinned models.
• Similar studies have revealed that impact factors specified by the codes are, gen­
erally, overconservative.
• Secondary stresses in connections between the various bridge members have been 
found, in many cases, to increase the detail’s fatigue criticality.
• The out-of-plane deformation of a connection angle and the stress concentration at 
the rivet head and shank junction are believed to be the most important factors 
contributing towards fatigue crack initiation in riveted stringer-to-cross-girder 
connections.
• The rotational stiffness of a stringer-to-cross-girder riveted connection is mainly 
a function of the fiexural stiffness of the angle. The elastic rotational stiffness 
has been found to depend on the thickness and length of the angle and the gauge 
distance of the fasteners.
• The main assumption made in developing an analytical model for the prediction 
of the elastic rotational stiffness of riveted connections is that the angle is fixed 
at the location of the fasteners.
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• Replacement of faulty rivets with high-strength bolts has been observed to in­
crease the fatigue life.
• Drilling holes at the crack tip has been observed to be an effective way for arresting 
crack propagation. However, under- or over-drilling may exacerbate crack growth 
as the former will not arrest the crack and the latter may weaken the element.
• There is little research work being carried out on the quantification of the repair 
of cracked riveted bridge components.
Of these items, the effect of rivet clamping force, connection rotational fixity, dynamic 
amplification and secondary stresses on the fatigue life of riveted bridge connections 
will be investigated in the following chapters.
2.6 Concluding Remarks
The theoretical background on the fatigue of metallic structures as well as the exper­
imental and analytical research carried out on riveted members and connections was 
presented in this chapter. Case studies regarding the fatigue assessment of several 
riveted railway bridges were also discussed. It is clear that a large body of research 
and collected information on riveted members, connections and riveted bridges exists 
in the literature. However, it is also clear that the unique features associated with 
these structures, partly due to the fact that they were designed and constructed before 
standardisation and widespread use of design codes, do not facilitate knowledge trans­
fer. In many cases, the conclusions, and particularly any quantitative observations, 
are relevant only within the limited context of a specific structure. Nevertheless, this 
literature review has revealed a number of interesting observations some of which will 
be taken into account in developing the methodology and the analytical models pre­
sented in subsequent chapters. The next chapter deals with the global finite element 
analysis of a typical riveted railway bridge, which will allow the identification of the 
most fatigue-critical regions of the bridge.
Chapter 3
D eterm inistic Global Fatigue 
Analysis
3.1 Introduction
The first step for a fatigue assessment of riveted railway bridges consists of a global 
analysis of the bridge in order to identify and rank, on an S-N basis, the most fatigue- 
critical connections. To this end, this chapter presents the results of finite element (FE) 
analyses carried out on a UK-typical riveted railway bridge. The analyses, which are 
performed with the commercial FE-package ABAQUS 6.4 (2003), yield stress histories 
arising from the passage of trains. The fatigue damage is then calculated on the basis 
of different assumed detail classifications at various locations on the bridge. In doing 
so, the effect of various parameters on the fatigue damage of the connections under the 
passage of trains is investigated. These parameters include the effect of the number 
of load steps used in the analyses, the effect of connection fixity and fatigue detail 
classification, the effect of dynamic amplification, the effects of train traffic over the 
bridge and the effect of connection arrangement. Results with regard to the total 
damage due to the BS5400 (1980) medium traffic and a historical load model as well 
as remaining fatigue life estimates, assuming no change in future traffic volume or 
composition, for the riveted connections are also presented. Throughout this chapter, 
material response and load input are treated deterministically.
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3.2 Finite Element Analysis of the Bridge
3.2.1 Bridge D escription
The wrought-iron railway bridge, which is deemed to be representative of a large number 
of short-span, riveted, railway bridges around Europe and the UK (Bell, 2003), is 
assumed to have been constructed circa 1900. The 9.6 m clear span and 7 m wide 
bridge is of two-way traffic. The superstructure consists of three riveted, built-up main 
plate girders and four longitudinal rows of built-up stringers interconnected with built- 
up cross-girders. A typical superstructure of a riveted railway bridge is shown in Figure 
3.1. All main girder members are built-up using 76 x 76 x 12.6 mm equal angles and 
stiffeners spaced at 1200 mm. The thickness of the plates varies between 9.5 and 15 
mm. 19 mm diameter rivets are used for all built-up members and connections.
Figure 3.1: Typical superstructure of a short-span riveted railway bridge.
3.2. Finite Element Analysis of the Bridge 75
3.2 .2  D escrip tion  o f th e  F in ite  E lem ent M odel
For the purposes of the FE analysis, all the built-up members are transformed to 
equivalent I-sections with the same second moment of area and depth without taking 
into account rivet hole reductions. The equivalent sections, which are used to model 
the members are shown in Figure 3.2. The bridge is assumed to have no ballast and 
is modelled by assuming simple supports on the three main girders. The FE mesh 
used for the analyses is shown in Figure 3.3. The connection nomenclature is shown 
in Figure 3.4 on the loaded side of the bridge together with the more detailed overall 
bridge dimensions. All the members are modelled with 8-noded shell elements (S8R). 
The mesh consists of 29400 elements with a total of 554670 degrees of freedom. A 
Young’s Modulus of 200 GPa, a Poisson’s ratio of 0.3 and a material density value of 
7800 kg/m^ are used throughout the model.
The riveted connections are modelled using axial spring elements with constant stiffness 
throughout the section depth, as shown in Figure 3.5. The spring elements are intro­
duced, for the case of the cross-girder-to-main girder connections, between the nodes 
at the end of the cross-girders and the corresponding nodes at the main girders and.
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Figure 3.2: Equivalent sections of the built-up members of the bridge (all dimensions 
in mm).
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Figure 3.3: Finite element mesh of the bridge model.
S tr in g e r
M ain -g ird e r 
C ro s s -g i rd e r
Tram direction
2.4  m
2 1.0 m
2.4 m
1.5 m
2 .4  m
1.0 m
Figure 3.4: Finite element bridge model and connection nomenclature.
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Figure 3.5: Modelling of riveted connections.
for the case of the stringer-to-cross-girder connections, between the nodes at the end 
of the stringers and the corresponding nodes at the cross-girders. The assumption of 
plane sections remaining plane is imposed by applying constraints in order to achieve 
a linear deformation profile of the connection. For the case of a point load of 300 kN 
applied at point A (see Figure 3.4), a convergence study on the number of springs in 
each connection revealed that 18 and 12 springs result in linear stress profiles near the 
cross-girder-to-main girder and stringer-to-cross-girder connections, respectively. The 
stress profile near a typical cross-girder-to-main girder connection (C8 in Figure 3.4) 
is shown in Figure 3.6. This stress profile is drawn for a cross-section at a distance of 
200 mm from the cross-girder-to-main girder interface. The inset of Figure 3.6 shows 
the bending moment diagram for the cross-girder assuming that it is supported by two 
rotational springs at its ends. As can be seen in the inset, the cross-section is located 
close to the point of contraflexure (zero moment) and that is the reason of the resulting 
low bending stresses.
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Figure 3.6: Stress profile near a typical cross-girder-to-main girder connection under a 
point load using 18 springs.
The stiffness of the springs, which forms part of FE input, is calculated by using the 
rotational stiffness of the connection model proposed by Lee and Moon (2002) (see 
Section 2.3) and converting it into equivalent axial stiffness. The analytical model used 
by these authors is shown in Figure 3.7. By using simple elastic theory and by taking 
the center of rotation close to the mid-length of the connection, the elastic rotational 
stiffness may be expressed as
g r  +  4p2
(3.1)
where E l  is the bending stiffness of the angle segment per unit length, la is the angle 
length and gi and Q2 are the grip lengths defined in Figure 3.7.
Once the rotational stiffness is calculated through Equation 3.1, it is then transformed 
into axial stiffness as shown in Figure 3.8. Assuming that the axial spring stiffnesses 
are equal, they can be calculated as
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Figure 3.7: Analytical connection model used by Lee and Moon (2002) (a) Double-angle 
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Figure 3.8: Rotational spring equivalent to axial springs and resulting force distribution.
^axia l  —
K rot K„ro t (3.2)
For the purposes of the global FE analyses, three different cases of connection stiffness 
are examined here. Fully fixed connections (infinite stiffness) are assumed for the first 
case. This is achieved without the use of springs by tying all the members together at 
the locations of the connections. For the second case, a rotational stiffness Kroti which
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is given by Equation 3.1 is assumed for all connections. An effective angle length la 
equal to the full angle length is used. This condition is thought to be representative of a 
high clamping force in the rivets, which is similar to using bolts in the connection (Lee 
and Moon, 2002). The values of la = 260 mm and la = 180 mm are used for the cross- 
girder-to-main girder and stringer-to-cross-girder connections, respectively, along with 
grip lengths of 40 mm. The rotational stiffness value Krot for this case is found to be 7.33 
GN- mm/rad for the cross-girder-to-main girder connections and 2.43 GN- mm/rad for 
the stringer-to-cross-girder connections. When these values are transformed into axial 
stiffness kaxial through Equation 3.2; they yield the corresponding values of 63.4 kN/mm 
and 59.3 kN/mm. The third case is assumed to represent the condition of a reduced 
clamping force in the rivets. Accordingly, an effective angle length equal to the diameter 
of rivet head times the number of rivets along the angle is used (Lee and Moon, 2002). 
This results in a reduction of the rotational stiffnesses of the cross-girder-to-main girder 
and stringer-to-cross-girder connections by a factor of 40 and 13, respectively, resulting 
in stiffness values of Krot/4^0 and Krotjf^-
3.2.3 Train Loading
The bridge is loaded with the BS5400 trains corresponding to medium traffic (BS5400, 
1980) representative of the traffic of the period from 1970 up to the present day. These 
trains, which are shown in Figure 3.9, consist of a steel train (highest total weight), two 
freight trains (highest axle loads) and a typical passenger train. These are designated 
in BS5400 (1980) as Nos 1, 7, 8 and 5, respectively. The annual frequency of the trains 
is taken from BS5400 (1980).
A historical load model with assumed, due to lack of relevant data, trains and frequen­
cies of occurrence over the bridge in the period between 1900 and 1970 is also developed 
(Bell, 2003). This is shown in Figure 3.10. In order to reflect historical changes in train 
load composition, the 70-year period is divided into three distinct periods as shown in 
Figure 3.10.
A typical freight train representing the freight traffic between the periods 1900-1940 
is assumed to consist of a 0-6-0 Superheater Freight Engine, shown in Figure 3.11,
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followed by two-axle wagons. Thirty wagons with an axle weight of 8 tons and 40 
wagons with an axle weight of 10 tons are assumed for the periods 1900-1920 and 1920- 
1940, respectively. Typical freight wagons used in that period are shown in Figure 
3.12. A heavier 2-8-0 Freight Engine, shown in Figure 3.13, is considered for the period 
1940-1970 followed by 40 two-axle wagons with 10-ton axles. A typical passenger train 
representing the passenger traffic in the period 1900-1920 is assumed to consist of a 4-
4-0 Passenger Engine followed by 8 four-axle passenger wagons with 8-ton axles (Figure
Train
No Train Type Locomotive
Locomotive 
Axle Weight Wagon Type AxleWeight
No. of 
Wagons
Total
Weight
Annual
Frequency
(f,ù
1 Steel train V T V ' V V 6x21.51 TTT V TV 6x18.51 15 17941 2257
5 Diesel hauled passenger train V T 6x201 TV TV 4x101 12 6001 22500
7 Heavy freight TV ^ V T T 6x201 f T .....  U 4x2 5 1 10 1120t 2411
8 Heavy frei^t V T ' 6x201 r ~ i 2x251 20 11201 6027
Figure 3.9: BS5400 (1980) Medium Traffic Load Model.
Index
i Period
Traffic
Type Locomotive Type
Wagon
Type
Axle
Weight
No. of 
Wagons
Total
Weight
Annual
Frequency
(ftù
1
1900-
1920
F 0-6-0 Superheater Freight Engine 2x8 1 30 5701 10500
2 P 4-4-0 Passenger Engine li U 4x 8 1 8 3511 11250
3 LS 0-4-4 Tank Engine 11 11 4x 8 1 4 1861 11250
4
1920-
1940
F 0-6-0 Superheater Freight Engine 1 1 2x101 40 8901 10500
5 P 4-6-0 Superheated Mixed Traffic Engine 11 11 4x9 1 12 5581 18000
6 LS 0-4-4 Tank Engine 11 11 4 x 8 1 4 1861 4500
7
1940-
1970
F 2-8-0 Freight Engine 1 1 2x101 40 9261 10500
8 P 4-6-0 Superheated Mixed Traffic Engine 11 11 4x9 1 15 6651 18000
9 LS 0-4-4 Tank Engine 11 11 4x 8 1 6 2501 4500
Figure 3.10: Historical Load Model (Bell, 2003) (F=Freight, P=Passenger, LS=Local 
Suburban).
3.2. Finite Element Analysis of the Bridge 82
3.14). For the period 1920-1970, a 4-6-0 Superheated Mixed Traffic Engine is assumed 
(Figure 3.15), followed by 12 and 15 passenger wagons with 9-ton axles, for the periods 
1920-1940 and 1940-1970, respectively. A typical local suburban train is assumed to 
consist of a 0-4-4 Tank Engine (Figure 3.16) followed by 4 and 6 passenger wagons 
with 8-ton axles, for the periods 1900-1940 and 1940-1970, respectively. All the axle 
spacings and weights for the older train engines and wagons are shown in Figure 3.17.
For each period of the historical load model, the annual frequency of the freight trains is 
assumed approximately equal to the sum of the annual frequencies of the BS5400 (1980) 
freight trains (Nos 1, 7 and 8) for medium traffic. Furthermore, the combined annual 
frequency for the passenger and suburban trains in each period is assumed equal to the 
annual frequency of the BS5400 (1980) passenger train (No 5) for medium traffic. For 
the period 1900-1920, 50% of this combined annual frequency is assumed as passenger 
trains and the remaining 50% as local suburban trains. In order to account for the
Figure 3.11: 0-6-0 Superheater Freight Engine (period 1900-1940).
Figure 3.12: Different types of freight wagons (period 1900-1970).
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Figure 3.13: 2-8-0 Freight Engine (period 1940-1970).
Figure 3.14: 4-4-0 Passenger Engine and wagons (period 1900-1920).
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A ,
Figure 3.15: 4-6-0 Superheated Mixed Traffic Engine (period 1920-1970).
Figure 3.16: 0-4-4 Tank Engine (period 1900-1970).
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LocomotiveAVagon Type Axle spacings (in m) and weights (in t)
17.2 18 13.6 14 13.513.7
0-6-0 Superheater Freight Engine r ^
'2.4' '2.6  ^ '  2 .^  '2.6 '2.0 2.0 
19.1 17.8 17.2 14 13.513.7
K ^4-4-0 Passenger Engine
3.2 2.9 2.8 2.0 2.0 2.0
16.1 17.4 24.6
0-4-4 Tank Engine
' t 3.7 2.0
17.9 18.1 18.2 18
4-6-0 Superheated Mixed Traffic Engine
18.2 17.5 17.9
2.7 2.1 2.4 3.4 2.3 2.3 2.0
9 15.5 15.6 16 16 18.3 17.5 17.9
2-8-0 Freight Engine
2.7 1.7 1.7 1.9 3.6 2.3 2.3 2.0
8 or 10 8 or 10
Freight wagon
2.0 3.0 2.0
Passenger/suburban wagon
or 9
2.0 1.8
8 or 9
□L
13.0 1.8 2.0
Figure 3.17: Axle spacings and weights for the historical load model trains.
increase in passenger traffic and the corresponding decrease of suburban traffic in the 
period 1920-1970, the above percentages are modified to 80% for passenger traffic and 
20% for local suburban traffic. The annual frequencies fa  of each type of train in each 
period are shown in Figure 3.10.
For the purposes of the analyses, the trains, which consist of the engine in front followed 
by similar wagons, are traversed in steps of 1 m over one track of the bridge. Analyses 
are carried out up to the point of load repetition caused by the presence of the same 
wagons. The loading steps are applied statically as point loads during the analyses and 
vary between 35 and 44, depending on the type of train traversing the bridge. The 
axle loads are applied directly to the top flange of the stringers, without taking into
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account any load spread due to the rails and sleepers. Neglecting load spread was found 
to result in higher stresses in similar bridges (Philbrick et al., 1995). The self-weight 
of the bridge elements and the superimposed dead load (sleepers and rails) are also 
included in the model.
In order to investigate the effect of the number of load steps used in the analyses, the 
BS5400 train No 7 is also traversed over the bridge in steps of 0.5 m. Figure 3.18 shows 
the stress history near a typical connection under the passage of the train for both 
cases. Both analyses are here carried out assuming fixed connections. It can be seen 
that, overall, the two stress histories are quite similar. The effect of a more refined step 
is further quantified in terms of fatigue damage in Section 3.3.1.
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Figure 3.18: Stress history near a typical connection under BS5400 train No 7 for two 
different load steps (fixed connection assumption).
3 .2 .4  L ocation  o f O utputs for Fatigue A ssessm ent
For an S-N based fatigue damage calculation in a structural detail a far-field stress, 
which is independent of stress concentrations should generally be considered. This can
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then be used in fatigue calculations, where stress concentration effects are implicitly 
taken into account, through detail-specific S-N curves. In some cases however, stress 
concentrations need to be accounted for explicitly, as for example in the case of modified 
Class B (see Section 2.2.4).
For the case of a single train traversing the bridge, stress history outputs are obtained 
in all stringer-to-cross-girder and cross-girder-to-main girder connections on the loaded 
side of the bridge (see Figure 3.4). Along the sections’ depth, stresses are reported 
at distances from the bottom fiange of 50 mm for the stringers, and 60 mm for the 
cross-girders (see Figure 3.19). These locations coincide with the location of the angle 
clip edges. In terms of distance from the connection, the points where the outputs are 
obtained are located at a distance of 250 mm from the stringer-to-cross-girder interface 
and a distance of 300 mm from the cross-girder-to-main girder interface as shown in 
Figure 3.19. At these distances, stress concentration effects, which in the context of 
this global analysis are rather spurious, are found to diminish considerably. This is 
shown in Figure 3.20 for the case of cross-girder-to-main girder interfaces under a point
Figure 3.19: Location of outputs.
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Figure 3.20; Bending stress along the bottom flange of a cross-girder under a point 
load assuming fully flxed conditions.
load at A (see Figure 3.4), where it can be seen that in the vicinity of these interfaces 
the stress variation becomes inconsistent.
3.2.5 Fatigue Dam age Calculation
The damage caused by the passage of a train is calculated by first converting the FE 
irregular stress history into stress range blocks using the rainflow counting method 
(Downing and Socie, 1982) and then applying Miner’s rule (Miner, 1945). The riveted
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connections under investigation are classified according to BS5400 (1980) either as 
modified Class B or Class D. As mentioned in Section 2.2.4, modified Class B can be 
assumed to represent the case of having a low or non-existent clamping force in the 
rivets, whereas Class D is considered to be more representative of lapped or spliced 
connections with normal or high clamping force. The Class Wl-rivet, proposed by the 
UK railway assessment code (Railtrack, 2001) for wrought-iron riveted details, is also 
considered. The design S-N curves pertaining to these three detail classes are shown 
in Figure 3.21. The change of slope from m  to m-1-2 , as proposed in BS5400 (1980), 
occurs at 10  ^ cycles as was presented in Section 2.1.6. In subsequent deterministic 
damage calculations presented in this chapter, the BS5400 mean minus two standard 
deviations (2.3% probability of failure), two-slope S-N curves are used for all three 
detail classes. As was mentioned in Section 2 .1 .2 , fatigue strength depends on material 
thickness. According to BS7608 (1990), a reduction in the fatigue strength should be 
applied to the basic S-N curves of the various detail classes for thicknesses greater than
1000
Class D
Class Wi-rivei
Is m = 3
&  I  I / I  I I I
I 100 ' ^ jModified Cla^
8  Z  I  I  I I I : m = 4
CO
m = 5
m = 6
1.0E+04 1.0E+05 1.0E+07 1.0E+08 1.0E+101.0E+09
N u m b e r  o f  c y c l e s  N
Figure 3.21: Design S-N curves for two BS5400 (1980) fatigue classes and the Wl-rivet 
class (Railtrack, 2001).
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16 mm. However, thickness effects are not considered here, since the largest thickness 
of the equivalent bridge elements is not significantly greater than 16 mm.
3.3 R esults and Discussion on Connection Dam age
With reference to Figure 3.4 and in order to facilitate the presentation of the results 
and the accompanying discussion, the notation, where the first symbol refers to the 
connection in question and the second symbol refers to the relevant direction is used. 
For example, S7-S5 refers to the connection at location S7 in the direction of connection 
S5.
For the entire stress histories, the stresses are found to be compressive near the top 
flanges of the stringer-to-cross-girder connections and generally tensile near the bot­
tom flanges. This can be explained by comparing the approximate flexural stiffnesses 
(E I/L^)  of the stringers and the cross-girders. By using a length of 2.4 m for the 
stringers and a length of 3.5 m for the cross-girders, it is observed that the flexural 
stiffness of the latter is lower than that of the former by 48%. This higher flexibility of 
the cross-girders leads to a positive bending moment near the stringer-to-cross-girder 
connections thus resulting in the lower flange of the stringers being in tension (Al- 
Emrani, 2002). For this reason, the results presented for this type of connection are 
reported near the bottom flange of the connections. By contrast, the stresses near 
the cross-girder-to-main girder connections are found to be generally tensile near the 
bottom flanges and both tensile and compressive near the top flanges. The complete 
stress history at connection S7-S5 comprising the individual stress histories drawn suc­
cessively for the four BS5400 (1980) medium traffic trains is shown in Figure 3.22. It 
can be seen that stresses vary between -5 and 40 MPa, which is in good agreement 
with field measurements on similar bridges (Hirt, 1978; Foutch et ah, 1990b; Akesson, 
1994; Akesson and Edlund, 1995; Bruhwiler, 1995). Overall, the highest stresses are 
produced under the freight trains (No 7 and No 8 ) with the highest axle loads whereas, 
passage of the passenger train (No 5) with the lowest axle loads results in the lowest 
stresses. It can be seen in Figure 3.22 that, due to the bridge’s short span and the fairly 
large spacing between the wagon axles, the bridge is being loaded and unloaded with
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Train No 1 Train No 7 Train No 8
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Load Step
Figure 3.22; Full stress history at connection S7-S5 under a single passage of BS5400 
medium traffic (fixed connection assumption).
the passage of each individual set of axles. This is typical in short-span riveted railway 
bridges (Drew, 1968; Smith and Hirt, 1989; Foutch et ah, 1990a,b). The behaviour of 
the bridge is axle dominated which is in agreement with observations on similar bridges 
(Dick and McCabe, 1990, 1991).
The histogram showing the total number of cycles versus the stress ranges experienced 
by connection S7-S5 in the period 1900-2004 is shown in Figure 3.23. This diagram 
was obtained from the historical load model and BS5400 (1980) medium traffic under a 
fixed connection assumption. It can be seen that a very small number of stress ranges 
are above the fatigue limit for assumed modified Class B and Wl-rivet details while for 
a Class D detail, all the stress ranges lie below the corresponding fatigue limit. This is 
found to be the case for most of the stringer-to-cross-girder connections.
The mean stress range E[Aa] experienced at any location on the bridge will be given 
as
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Figure 3.23: Stress range histogram for the stringer-to-cross-girder connection 87-85 
for the period 1900-2004 (fixed connection assumption).
E[Acr] =
Strain 
1=1 3 = 1 (3.3)'’vi'U'êft -e
E / « E
»=i j=i
where i is a subscript denoting the type of train in each period, ki is the number of 
different stress ranges from train i, A a i j  is the stress range from train i, n»j is the 
number of applied stress ranges for a single train passage over the bridge and fa
is the annual frequency of each train i. Furthermore, the variance of the stress ranges 
will be given as
Var[Acr] =
Strain
-  E[Aa]friij  
i=l j=l_________________
t^rain
E  / « E " < j
>=1 3=1
(3.4)
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In Equations 3.3 and 3.4, the parameter ktrain varies for each period and according to 
Figure 3.10 is equal to 3 for periods 1900-1920, 1920-1940 and 1940-1970. According to 
BS5400, ktrain — 4 for the period 1970 onwards. It has to be mentioned that Equations 
3.3 and 3.4, appropriately modified, may be used to calculate the mean and variance 
for A(J over a number of periods or indeed the statistics of Figure 3.23.
Figure 3.24 presents the mean and associated Coefficient of Variation (CoV =  standard 
deviation /  mean) for connection 87-85 for each period of interest. It is evident in the 
figure that there is a continuous increase in the level of the mean stress range that is 
experienced by this connection. The CoV appears to be largest in the period 1900-1920 
(1.05), dropping progressively thereafter to the present day value of approximately 0.7.
In the following sections, the effect of various parameters on the fatigue damage of 
the connections is presented. These parameters include the effect of the number of 
load steps used during the analysis, the effect of connection fixity and fatigue detail 
classification, the effect of dynamic amplification, the effects of train traffic and, finally, 
the effect of connection arrangement. Fatigue damage is here quantified in terms of
14
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Figure 3.24: Evolution of mean stress range E[Aa]  and CoV for connection 87-85 (fixed
connections).
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the Miner Sum which is given as ^  ^  where n is the number of applied cycles of a 
particular stress range and N  is the fatigue life for that same stress range calculated 
from the S-N curve.
3.3 .1  Effect o f th e  N um ber o f Load S tep s in  th e  A n alysis
In Section 3.2.3, Figure 3.18 depicted the effect the number of load steps used in the 
analyses had on a typical stress history. In this section, this effect is studied in terms 
of the fatigue damage caused on various bridge connections by the passage of a single 
BS5400 train No 7. For the purposes of this study, modified Class B and Class D details 
and full connection fixity are assumed.
Figure 3.25 shows the damage of the stringer-to-cross-girder connections. It is evident 
that a 0.5 m step leads to an increase in the damage experienced by all these connec­
tions. The increase varies between 6  and 530% for modified Class B and between 7 and 
370% for Class D. The damage ranking of the connections changes without a specific 
pattern. It can be seen in the figure that the inner stringer-to-cross-girder connections 
are the most fatigue critical. With a i m  step, the damage estimate is sufficiently 
accurate for at least some of the connections.
Figure 3.26 shows the damage of the cross-girder-to-main girder connections for the 
two assumed step values and for both detail classifications. Again, it can be seen that 
use of a smaller step leads to an increase, in most cases, in the calculated damage. 
Comparison between Figures 3.25 and 3.26 demonstrates that the damage of the first 
in rank stringer-to-cross-girder connection is 2  orders of magnitude greater than the 
damage of the first in rank cross-girder-to-main girder connection.
From the results presented in this section, it is evident that the connection damage is 
sensitive to the assumed load step used during the analysis. Clearly, the smaller the 
step, the more accurate the stress histories and hence the calculated damage of the 
connections will be. However, although Figures 3.25 and 3.26 show that the 1 m step 
underestimates damage, this underestimate is small (% 7 %) for the two most heavily 
damaged connections S7-S5 and S8 -S6 , irrespective of their classification. For these
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Figure 3.25: Stringer-to-cross-girder connection damage for two different load steps 
under BS5400 train No 7 loading (fixed connection assumption).
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Figure 3.26: Cross-girder-to-main girder connection damage for two different load steps
under BS5400 train No 7 loading (fixed connection assumption).
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reasons and because of the long CPU running times (3 hours for each train) associated 
with the 0.5 m step, further analyses are carried out using a i m  step.
3.3 .2  C onn ection  F ix ity
Typically, riveted railway bridges have been analysed by assuming that the stringers 
and cross-girders are simply supported ignoring any partial fixity between the mem­
bers. This may be justifiable for an ultimate limit-state assessment. However, for the 
purposes of a fatigue assessment, partial fixity of the connections should be consid­
ered since it will affect the stresses in the connections and the members (Hirt, 1982; 
Smith and Hirt, 1989). Indeed, using field measurements, a considerable degree of fix­
ity has been found in stringer-to-cross-girder connections in short-span riveted bridges 
(Jahren and Rooker, 1991; Kritzler et al., 1991; Philbrick et al., 1995). For this reason, 
results in terms of fatigue damage for different values of connection stiffness, discussed 
in Section 3.2.2 are presented next. Fatigue damage is calculated for the passage of a 
single BS5400 train No 1 and No 8 . The results are presented separately for the case 
of stringer-to-cross-girder and cross-girder-to-main girder connections for two detail 
classifications (modified Class B and Class D).
Stringer-To-Cross-Girder Connections
Damage results of the stringer-to-cross-girder connections are presented in Figure 3.27 
for the BS5400 train No 1. Damages for train No 8  are presented in Figure 3.28. It 
is found that, under the fixed connection stiffness assumption, the outer connection 
damage (SI, S2 , 89 and 810, Figure 3.4) is substantially less than the inner connection 
damage for both trains. For the seven most critical connections under train No 1 loading 
and for all connections under train No 8  loading, damage ranking of the connections 
is not affected by detail classification. The B85400 modified Class B detail is found to 
result in larger damage when compared with its Class D counterpart (with the difference 
ranging between 14 and 170%).
By modelling the stringer-to-cross-girder connections using a stiffness value of Krot, 
the damage is found to decrease considerably by a factor of up to 4 when compared to
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Figure 3.27: Stringer-to-cross-girder connection damage for BS5400 train No 1 and 
variable connection stiffness.
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Figure 3.28: Stringer-to-cross-girder connection damage for BS5400 train No 8 and
variable connection stiffness.
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their fixed connections counterparts. For train No 8 , the outer connections (SI, S2 , S9, 
SIO in Figure 3.4) become the most critical ones. However, for train No 1 , the critical 
connections are again identified as being the middle stringer-to-cross-girder connections 
(S5 and S6  in Figure 3.4).
With the exception of very few connections, a further reduction of the stiffness of the 
connections to Krot/13, corresponding to an assumed lower clamping force in the rivets, 
results in a further decrease in damage by as much as 30% in relation to the previous 
case {Krot)- The case of modified Class B connections for the stringer-to-cross-girder 
connections results in a slightly higher decrease.
Cross-Girder-To-Main Girder Connections
The damage results of the cross-girder-to-main girder connections are presented in 
Figure 3.29 for BS5400 train No 1 and in Figure 3.30 for BS5400 train No 8 . Connections 
which are in compression along their entire depth and during their entire loading history 
are assumed to have zero fatigue damage. For the case of fully fixed connections, the 
ones attached to the outer main girder are found to be the most critical ones (Cl, C2 , 
C3 and C4 in Figure 3.4). However, comparison between Figures 3.27 and 3.29 reveals 
that the damage in these connections is considerably lower (as much as 1 0 0  times) 
than the stringer-to-cross-girder connection damage. Similar observations were also 
made by Garg et al. (1985) through studies on a structural model of a riveted railway 
truss bridge.
By modelling the cross-girder-to-main girder connections using a stiffness value of Krot., 
the damage, for both trains, is found to increase considerably (as much as 550 times) 
compared to the previous case (fully fixed). The increase, which is calculated by as­
suming modified Class B connections is found to be higher than the one computed by 
using Class D connections. Finally, the connections attached to the inner main girder 
are in general found to be the most highly damaged.
A further reduction of the stiffness of the connections to /40, due to an assumed 
lower rivet clamping force, may be seen to result in an increased damage that varies 
between 1 and 37% compared to the previous case (Krot)-
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Figure 3.29: Cross-girder-to-main girder connection damage for BS5400 train No 1 and 
variable connection stiffness.
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Figure 3.30: Cross-girder-to-main girder connection damage for BS54Ü0 train No 8 and
variable connection stiffness.
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O verall C om parisons B etw een T he C onnections
From the results presented in Figures 3.27-3.30, it can be clearly seen that the damage 
is much higher in the stringer-to-cross-girder connections than in the cross-girder-to- 
main girder connections. For example, irrespective of classification or connection fixity 
and for the case of train No 1, the most highly damaged cross-girder-to-main girder 
connection (C8 , Krot/^0, modified Class B, see Figure 3.29) is almost three times 
less damaged than the most damaged stringer-to-cross-girder connection (85-83, fixed, 
modified Class B, see Figure 3.27). For the case of train No 8 , the most highly damaged 
cross-girder-to-main girder connection (C8 , Krotf^O, modified Class B, see Figure 3.30) 
is, again, almost 35 times less damaged than the most damaged stringer-to-cross-girder 
connection (83-85, fixed, modified Class B, see Figure 3.28). Therefore, it is justifiable 
to conclude that the stringer-to-cross-girder connections are overall more fatigue-critical 
under both B85400 trains No 1 and No 8 . This distinction can be made more clearly 
when assuming fully fixed connections which yield the highest damage and hence the 
most conservative results.
The damage in the stringer-to-cross-girder connections was found to be higher in the 
case of train No 8 , which has higher axle loads (25 t) than train No 1 (18.5 t), whose 
overall weight is actually higher than that of train No 8  (see Figure 3.9). Therefore, it 
is obvious that damage in this type of connections is axle dominated. By contrast, the 
cross-girder-to-main girder connections were found to result in higher damage in the 
case of train No 1.
3.3 .3  T otal D am age and R em ain in g Fatigue Life
The total damage of the connections under the combined action of both the historical 
load model and B85400 (1980) medium traffic is presented in this section. This damage 
is reported for the period 1900-2004. Remaining fatigue life estimates are provided 
under the assumption of B85400 traffic crossing the bridge beyond 2004. Following the 
findings of the previous section, all results are presented for the case of fixed connection 
stiffness since this was found to be associated with the highest damage. The total 
annual damage is calculated by first multiplying the damage caused by the passage
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of a single train by the number of trains of the same type per year and summing up 
the contributions of the different types of train in each period. Therefore, the annual 
damage Da,i in each period I will be given as
where
Da,I — D^i +  D^i (3.5)
Strain
D'a,l = ^  / i iX ]
2=1 j —\
t^rain
^a,l = 
i^=l j = l
m + 2 - i
if Aa^j > Aao
if A a i j  < A o-q
(3.6)
(3.7)
where A^o is the fatigue limit of the detail class considered. 
The total damage of the connection will be given as
D to ta l — "y ] T iD a ,l
1 = 1
(3.8)
where Ip are the number of periods of interest and Ti are the number of years in 
each period. For the case considered here, Ti =  20, Tg =  20, T3 =  30 and T4 =  34. 
Notwithstanding future train loading changes and assuming that failure will occur 
sometime during the fourth period, the remaining fatigue life Tr of any connection will 
therefore be given as
Tr- = 1 — DtotalD a,A
(3.9)
The results are again presented separately for the stringer-to-cross-girder and the cross- 
girder-to-main girder connections and for the mean minus two standard deviations S-N 
curve corresponding to a 2.3% failure probability.
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Stringer-To-Cross-Girder Connections
The total damage up to the year 2004 for the stringer-to-cross-girder connections, 
calculated according to Equations 3.5 to 3.8 is shown in Figure 3.31 for all three detail 
classes. The corresponding remaining fatigue hves calculated using Equation 3.9 are 
also presented in the same figure.
The figure demonstrates that the damage of the inner stringer-to-cross-girder connec­
tions (S3, 84, 85, 8 6 , 87 and 8 8 , see Figure 3.4) is considerably higher than the outer 
stringer-to-cross-girder connection damage (81, 82, 89 and 810, see Figure 3.4). The 
two most critical connections with the highest total damage are 87-85 and 8 8 - 8 6  with 
remaining fatigue lives, depending on their classification, ranging between 80 and 303 
years. As can be seen in Figure 3.31, damage ranking is not affected by the choice of 
the fatigue detail classification. Furthermore, for all the connections shown in Figure 
3.31, the most onerous class is the modified Class B, followed by Wl-rivet. The total 
damage caused by an assumed modified Class B classification is considerably higher
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Figure 3.31: Stringer-to-cross-girder connection damage (fixed connections, historical
-h BS5400 load model).
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(65-163%) than the total damage of its Class D counterpart.
The breakdown of annual damage of the stringer-to-cross-girder connections for differ­
ent trains, assuming a modified Class B is shown in Figure 3.32. This damage pertains 
to the period 1970-2004 assuming BS5400 (1980) medium trafiBc. Comparison of the 
damages reveals that the damage caused by trains No 7 and No 8  is by far higher than 
the damage caused by the other trains. This may be attributed to the fact that trains 
No 7 and No 8  have the highest axle loads (25 t).
Damage evolution up to 2004 of the two most highly-damaged connections (87-85 
and 8 8 -8 6 ) is shown in Figure 3.33 for all three fatigue classes. In the same figure, 
results shown as “no low stress cycles” are obtained by neglecting stress ranges that 
are below the cut-off stress range, as proposed by Network Rail (Railtrack, 2 0 0 1 ); to 
avoid complexity in the figure, these are shown for connection 87-85 only. It can be seen 
that, irrespective of classification, after 1970 there is a noteable increase in the damage 
accumulation rate in both connections. This is due to the introduction of the B85400 
heavier traffic and corresponding axle loads. The increase in the damage accumulation
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Figure 3.32: 8tringer-to-cross-girder connection damage for B85400 medium traffic
(fixed connections, modified Class B).
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Figure 3.33: Cumulative damage for connections S7-S5 and 8 8 - 8 6  with respect to 
different assumed detail classes (fixed connections).
rate is more pronounced for modified Class B and this can be explained with reference 
to Figure 3.23. In Figure 3.23, the single frequency box which lies just above the fatigue 
limit for a modified Class B, is generated by B85400 trains. This gives rise to a much 
higher damage since it is associated with the upper slope of the 8 -N curve (see Figure 
3.21).
It can be seen in Figure 3.33 that, for the case of modified Class B and Class Wl-rivet 
connections, approximately 20 to 30% of the fatigue strength has been expended in 
the period 1970-2004. Possible introduction of heavier trains and consequently heavier 
axle loads in the future will result in even higher damage accumulation rates and 
consequently in shorter remaining fatigue lives.
Figure 3.33 shows that by neglecting stress ranges below the cut-off value, there is an 
increase in the remaining fatigue life of connection 87-85 from 80 years to 91 years and 
from 120 years to 134 years, for classes modified B and Wl-rivet, respectively. This 
increase is even higher for the case of an assumed Class D due to the higher slope of 
this class (m=5) in the second portion of the S-N curve as compared with the slope
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of the other classes (m = 6 ). Clearly, the behaviour of the material at or below the so- 
called “fatigue limit” plays a major part in high cycle fatigue structures such as railway 
bridges.
Cross-Girder-To-Main Girder Connections
For the case of the cross-girder-to-main girder connections, it is found that both the top 
and bottom parts of various connections are subjected to both tensile and compressive 
stresses during the loading history. An effective stress range obtained by adding 60% 
of the zero to maximum compressive stress range to the zero to maximum tensile stress 
range is used in subsequent damage calculations (BS5400, 1980; BS7608, 1990).
The annual damage for the all cross-girder-to-main girder connections due to BS5400 
medium traffic (period 1970-2004), calculated through Equations 3.5 to 3.7, is reported 
in Figure 3.34 in comparison with the corresponding annual damage of the stringer- 
to-cross-girder connections. All connections are assumed to be modified Class B. The
2
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Figure 3.34: Cross-girder-to-main girder annual connection damage at the top of the
connections for BS5400 medium traffic (fixed connections, modified Class B, period
1970-2004).
3.3. Results and Discussion on Connection Damage 106
damage is calculated at the top of the connection which is found to be the most highly- 
damaged part.
Figure 3.34 shows that the fatigue life of some of the cross-girder-to-main girder con­
nections is virtually infinite. The most critical cross-girder-to-main girder connection 
(CIO) is almost eight times less damaged than the most critical stringer-to-cross-girder 
connection (S7-S5).
3 .3 .4  D yn am ic A m plification
Since fatigue damage is very sensitive to stress ranges, dynamic amplification could have 
a considerable effect on fatigue damage. Here, the effect of dynamic amplification is 
studied by using dynamic amplification factors (DAF), obtained from various structural 
codes and published field measurements, and used in a multiplicative fashion with the 
FE statically calculated stresses.
The mean values of the DAF found in the literature are shown in Table 3 .1  for a range 
of train speeds. The pertinent train speeds for each period of the historical load and 
the BS5400 traffic models are reported in Table 3.2.
Eurocode 1 (ECl) suggests a reduced DAF for use in combination with real trains for 
the fatigue assessment of railway bridges (ECl, 2003) which is very similar to the one
Table 3.1: Dynamic amplification factors pertaining to historical load model and 
BS5400 train speeds (see Table 3.2).
Train Speed (mph)
30 40 50 60 70 1 0 0
ECl (2003) 1.13 1.15 1.17 1.18 1 .2 1 1.27
UIC (1970) 1 .1 0 1.14 1.18 1 .2 2 1.27 1.39
Byers (1970) 1.14 1 .1 1 1.19 1.23 1.30 1.28
Tobias and Foutch (1997) 1 .1 2 1.15 1.15 1.23 1.23 1 .2 2
Network Rail (Railtrack, 2001) 1 .1 0 1.13 1.16 1.19 1.23 1.32
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Table 3.2: Historical load model and BS5400 medium traffic train speeds.
Period Traffic Type Train Speed
1900-1920 Freight 30 mph
1900-1920 Passenger 50 mph
1900-1920 Local Suburban 30 mph
1920-1940 Freight 40 mph
1920-1940 Passenger 60 mph
1920-1940 Local Suburban 30 mph
1940-1970 Freight 40 mph
1940-1970 Passenger 70 mph
1940-1970 Local Suburban 40 mph
1970- BS5400 Train No 1 80 km /h
1970- BS5400 Train No 5 160 km/h
1970- BS5400 Train No 7 72 km /h
1970- BS5400 Train No 8 72 km/h
proposed by Network Rail (Railtrack, 2001). The DAF in both cases is given as
D AF = 1 +  0.5((/)' +  0.5< "^) (3.10)
where (p' and (p” are factors associated with the dynamics of the bridge and the effects of 
track irregularities, respectively. These factors depend on the train speed, the natural 
frequency of the bridge and the length of the member in question (UIC, 1990; ECl, 
2003).
The D23 factor given in Table 3.1 is based on both theoretical studies and field mea­
surements carried out by the European Rail Research Institute (ERRJ) (UIC, 1970) 
and is given as
D AF  =  14- 0.65 K '
l - K '  + { K ' f (3.11)
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where the K '  factor depends on train speed, the natural frequency and the span of the 
bridge.
Dynamic amplification factors obtained from studies in the United States and shown 
in Table 3.1 are based on field measurements on short- and medium-span steel railway 
bridges (Byers, 1970; Tobias and Foutch, 1997). As can be seen, there is good overall 
agreement between the various DAF, and this is partly because the underpinning studies 
leading to the formulae given in the European codes are the same.
The effect of dynamic amplification is here considered by multiplying the stress ranges 
with their corresponding DAF shown in Table 3.1. This is appropriate since the stress 
histories of the details investigated are almost entirely tensile. Accordingly, the annual 
damage in each period I will be given by Equation 3.5 where, now.
\nj.j f  A a j , j D A F A
10^ V AcTQ JD'a,l — i=l j=l
^a,l —
i=l j=l
if AcTjj > A o-q (3.12)
if A o ij  < Actq (3.13)
The cumulative damage and remaining fatigue life of the most highly damaged connec­
tion (S7-S5) for different DAF are shown in Figures 3.35, 3.36 and 3.37 for the case of 
modified Class B, Class D and Class Wl-rivet, respectively. Also shown in these figures 
are the results pertaining to the case of no dynamic amplification (no DAF) previously 
presented in Figure 3.33.
As can be seen, there is a considerable decrease in the remaining fatigue life of the 
connection due to the dynamic amplification. The lowest remaining fatigue life, irre­
spective of classification, is obtained for the D23 DAF. For example, for the case of 
modified Class B and D23 DAF (see Figure 3.35), the remaining fatigue life decreases 
from 80 years (no DAF) to only 5 years. Similar dramatic reductions in the remaining 
fatigue lives of Class D and Wl-rivet may be seen in Figures 3.36 and 3.37, respectively. 
As can be seen in Figures 3.35-3.37, the factors taken from the American sources, ECl 
and Network Rail result in approximately similar remaining fatigue lives.
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Figure 3.35: Cumulative damage of connection S7-S5 for different DAF (Modified Class 
B, fixed connections).
0.35
t 90 yrs 
-105 yrs 
t106yrs 
'114 yrs
0.3
0.2
3 0.15
289 yrs
0.1
0.05
1900 1920 1940 1960 1980 2000 2020
Y ear
■No DAF —w—Byers —e—ECl —e—Tobias & Foutch —x—D23 — Network Rail
Figure 3.36: Cumulative damage of connection S7-S5 for different DAF (Class D, fixed 
connections).
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Figure 3.37: Cumulative damage of connection S7-S5 for different DAF (Class Wl-rivet, 
fixed connections).
It is clear that the fatigue life is very sensitive to the assumed dynamic amplification. 
This is because the entire frequency diagram of Figure 3.23 is shifted to the right due to 
the assumed DAF. Therefore, some stress ranges, which, without dynamic amplification 
are below the corresponding fatigue limits, increase to levels that are higher than these 
limits. Consequently, due to the power law nature of fatigue damage a modest increase 
in stress ranges can result in large differences in fatigue life.
It has to be mentioned that the assumption of all quasi-static stress ranges being mul­
tiplied by the same DAF provides a simple approximation to an otherwise complicated 
phenomenon. In reality, the relationship between static and dynamic stress histories is 
expected to be more complex.
3.3.5 Train Traffic
The results presented so far were obtained by loading one track of the bridge only. Since 
the investigated bridge has two tracks, the effect of trains passing over the opposite 
track is also investigated. Initially, it is assumed that the train frequency is equal
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on both tracks and that the tracks are not simultaneously loaded. Figure 3.38 shows 
the results for connection S7-S5. By way of comparison, the results of Figure 3.33 
pertaining to single track loading are also shown in Figure 3.38. It can be seen that 
passage of trains over the second track leads to a slight decrease, by approximately 4-5 
years, in the remaining fatigue life of the connection for all classes.
Following this investigation, the simultaneous occurrence of two trains over the bridge 
is considered next. This effect is studied for the case of fixed connections without 
considering any dynamic amplification. Damage is calculated for the case of two BS5400 
No 7 trains, which, as mentioned previously, have the highest axle load and for the case 
of a BS5400 No 7 and a BS5400 No 5 train. The latter has the lowest axle load. 
Two different loading schemes are examined for the case of the two No 7 trains, i.e. 
the trains entering the bridge at the same instant (case 1 ) and the trains entering the 
bridge at different instants (case 2). The second loading scheme is applied in such a 
way so that when the leading axle of one train is positioned at the midspan of the
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Figure 3.38: Effect of second track loading on the cumulative damage of connection 
S7-S5 (fixed connections, no DAF).
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stringers in one track, the leading axle of the other train on the opposite track is just 
entering the span (see Figure 3.39). The results are, again, presented separately for the 
cases of stringer-to-cross-girder and cross-girder-to-main girder connections.
Figure 3.39: Loading scheme 2 for two-train bridge loading.
Stringer-to-Cross-Girder Connections
The results for the stringer-to-cross-girder connection damage under two No 7 trains 
are shown in Figures 3.40 and 3.41, for modified Class B and Class D, respectively. 
Overall, the damage due to both loading cases 1  and 2  is considerably higher than the 
case of single train loading, with the difference ranging between 5 and 340% for the 
case of modified Class B and between 5 and 260% for Class D.
As can been seen in Figures 3.40 and 3.41, the three most highly damaged connections 
for the case of single train loading (S7-S5, 8 8 - 8 6  and 8 6 -8 8 , see Figure 3.4) remain the 
most damaged connections under the two-way traffic schemes considered here.
Load case 1  is further investigated by simultaneously traversing two different trains 
(B85400 No 7 and No 5) over the bridge. Figures 3.42 and 3.43 show the stringer-to-
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Figure 3.40: Stringer-to-cross-girder connection damage due to different loading cases 
(two BS5400 No 7 trains, modified Class B, fixed connections, no DAF).
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Figure 3.41: Stringer-to-cross-girder connection damage due to different loading cases
(two BS5400 No 7 trains. Class D, fixed connections, no DAF).
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Figure 3.42: Stringer-to-cross-girder connection damage due to different types of traffic 
over the bridge (modified Class B, fixed connections, no DAF).
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Figure 3.43: Stringer-to-cross-girder connection damage due to different types of traffic
over the bridge (Class D, fixed connections, no DAF).
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cross-girder connection damage, for modified Class B and Class D, respectively. Also 
shown, for comparison purposes, in these figures are the results shown in Figures 3.40 
and 3.41 (single train loading and loading case 1). Damage is reported for all the 
connections, which are located on the side over which the heaviest train passes (No 7).
It can be seen in Figures 3.42 and 3.43 that the three most damaged connections (S7- 
85, 88-86 and 86-88) remain the most damaged under a No7-No5 train combination. 
However, when this combination is compared with the combination No7-No7, the latter 
remains the most damaging.
Cross-Girder-to-Main Girder Connections
The results for the cross-girder-to-main girder connections for modified Class B and 
Class D under the different loading schemes are presented in Figures 3.44 and 3.45, 
respectively. Damage is calculated for the most highly damaged part of the connection.
It can be seen that, for loading case 1, there is a considerable increase in the inner 
cross-girder-to-main girder connection damage (C6 to C9) irrespective of fatigue clas-
cs ClGZ C4 C8 C7 ca 08 CS CIO
CD O M CflO n
IB Single irainloadKxi «Loadinocata 1 «LoadinocataZl
Figure 3.44: Cross-girder-to-main girder connection damage due to different loading
cases (modified Class B, fixed connections, no DAF. The letter T  indicates that the
damage is calculated at the top part of the connection).
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Figure 3.45: Cross-girder-to-main girder connection damage due to different loading 
cases (Class D, fixed connections, no DAF. The letter T  indicates that the damage is 
calculated at the top part of the connection).
sification, with C6 being the most heavily damaged connection. Again, irrespective of 
classification, connection C6 is by far the most highly damaged under loading scheme 
2. However, these damages are considerably less than the ones reported in Figures 3.40 
and 3.41 (stringer-to-cross-girder connections).
The results obtained for the BS5400 No 7 and No 5 train loading are shown in Figures 
3.46 and 3.47, for modified Class B and Class D, respectively. It can be seen that 
connection C6 is the most highly damaged connection and that the combination No7- 
No5 is considerably more damaging than the other two load cases. Despite the elevated 
damage observed for the No7-No5 train combination, the level of damage can be seen to 
be, in some cases, an order of magnitude smaller than the damage reported in Figures 
3.42 and 3.43.
In summary it can be seen that two-train loading can result in significant increases in 
the fatigue damage compared to single train passage of both stringer-to-cross-girder and 
cross-girder-to-main girder connections. However, since the occurrence of two trains 
over the bridge is unlikely to be a statistically significant event (Bell, 2003), its effect 
on the fatigue life of the connections will be relatively insignificant.
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Figure 3.46: Cross-girder-to-main girder connection damage due to different types of 
traffic over the bridge (modified Class B, fixed connections, no DAF. The letter T 
indicates that the damage is calculated at the top part of the connection).
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Figure 3.47: Cross-girder-to-main girder connection damage due to different types of
traffic over the bridge (Class D, fixed connections, no DAF. The letter T  indicates that
the damage is calculated at the top part of the connection).
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3.3.6 Connection Arrangem ent
In the cases investigated so far, the stringer-to-cross-girder connections were located 
near the bottom flange of the cross-girders. In many bridges, however, the stringers 
are connected to the cross-girders near their top flanges. The effect of this different 
connection arrangement is shown in Figure 3.48.
Figure 3.48 shows the stringer-to-cross-girder connection damage under the passage of 
a single BS5400 train No 7. The results are shown for both fatigue classes (modifled B 
and D). As can be seen, the effect of the connection arrangement is small. This trend 
may also be observed in Figure 3.49 which reports damage for the cross-girder-to-main 
girder connections.
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Figure 3.48: Stringer-to-cross-girder connection damage for two different connection
arrangements under BS5400 train No 7 loading (fixed connections, no DAF).
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Figure 3.49: Cross-girder-to-main girder connection damage for two different stringer- 
to-cross-girder connection arrangements under BS5400 train No 7 loading (fixed con­
nections, no DAF).
3.4 Concluding Remarks
The results of FE analyses of a UK-typical railway bridge were presented in this chapter 
in the form of stress histories as well as fatigue damage reported at different connec­
tions. Bridge loading was assumed to consist of BS5400 medium traffic post-1970 and 
of historical trains in the pre-1970 period, for which a new fatigue loading model has 
been developed. The effects of different modelling parameters such as the assumed con­
nection fixity and number of load steps were investigated. Other parameters such as 
fatigue detail classification, dynamic amplification, train traffic and connection arrange­
ment were also investigated under different bridge loading schemes. The conclusions 
that can be drawn in this chapter can be summarised as follows:
Only few stress cycles, resulting from historical and BS5400 train loading, are 
above the fatigue limits of the detail classifications considered.
The behaviour of the stringer-to-cross-girder connections is axle dominated.
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• The total damage of the cross-girder-to-main girder connections is significantly 
lower and these connections can be excluded from further consideration.
• The inner stringer-to-cross-girder connections (S3 to 8 8 ) are the most fatigue 
critical.
• Connection fixity aflFects stress histories and hence the resulting fatigue life predic­
tions considerably. A fixed connection assumption leads to conservative remaining 
fatigue life estimates in the stringer-to-cross-girder connections.
• The fatigue behaviour and, in the context of the present (S-N) treatment, the 
assumed fatigue classification of the connections affects damage estimates con­
siderably. The modified Class B can be assumed to provide an upper bound 
for fatigue damage estimates of the connections whereas Class D provides lower 
bound damage estimates.
• The damage accumulation rate is small in the pre-1970 period under the historical 
load model but shows a considerable increase with the introduction of the BS5400 
trains (post-1970).
• Dynamic amplification can result in a considerable reduction in the remaining 
fatigue lives of the connections.
• The simultaneous passage of two trains over the bridge has a significant effect on 
damage per passage but is expected to have a negligible infiuence on the fatigue 
life of the connections, given that it constitutes a rare event.
• The effect of second track loading on the fatigue damage of the connections is 
negligible.
Under the different schemes considered in this chapter, connections S7-S5 and S8 -S6  
were identified as being overall the most critical in terms of fatigue damage. Given the 
assumptions made in the analysis, these are for all practical purposes equally critical. 
In the following chapter the investigation of connection S7-S5 is extended further by 
taking into account various loading and material uncertainties in order to determine 
the connection’s reliability.
Chapter 4
Probabilistic Global Fatigue 
Analysis
4.1 Introduction
The fatigue damage estimates presented in Chapter 3 are based on a deterministic 
methodology. However, the fatigue behaviour on the material side is fraught with un­
certainty which, coupled with the high uncertainties associated with the applied loading, 
renders the prediction of a bridge connection’s fatigue life a rather difficult task. The 
type of loading and the number of cycles that riveted railway bridges have experienced 
in the past is difficult to estimate due to lack of data regarding past loading history. 
Estimation of future loading would contribute further to the level of uncertainty. On 
the material side, it is well known that there exists a large amount of scatter in fatigue 
tests, especially at low stress ranges close to the fatigue limit (Schijve, 1994, 2001). This 
was evidenced in Figures 2.7 and 2.8 of Chapter 2  where fatigue test results on riveted 
members and connections obtained from the literature were plotted in the customary 
S-N format. Since the stress levels experienced by riveted railway bridge details are 
generally low, as discussed in Section 2.4 and further demonstrated in Chapter 3, it can 
expected that the problem of their fatigue assessment will be subject to a considerable 
degree of uncertainty.
Fatigue testing to determine the fatigue life of nominally identical specimens will in­
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variably result in a range of values for the number of cycles required for fatigue failure. 
This scatter is mainly associated with the crack initiation life (Schijve, 1994). Fatigue 
tests are carried out, in general, on small specimens and under constant amplitude 
loading. Even if the specimens are full-scale, often the fatigue tests do not capture the 
true boundary and environmental conditions that exist in real bridge structures. Many 
assumptions are required in order to extrapolate laboratory data to real bridge details, 
and these augment the epistemic uncertainty component. Furthermore, dynamic ef­
fects, and the way in which they are introduced into a fatigue modelling process, result 
in further sources of uncertainty.
The use of probabilistic methods for fatigue assessment allows the previously men­
tioned uncertainties to be treated in a formal way. Notwithstanding the limitations of 
such methods in dealing with the various components of uncertainty, a number of the 
methodologies developed in the past for the fatigue assessment of railway bridges have 
been based on probabilistic methods, as shown in Chapter 2 . In this chapter, the deter­
ministic procedure described in Chapter 3 is placed within a probabilistic framework. 
Probabilistic loading spectra are developed for one of the most damaged stringer-to- 
cross-girder connections (S7-S5 in Figure 3.4) by using the historical load model and 
BS5400 trains and incorporating probabilistic models for dynamic amplification, the 
ratio between actual and calculated stresses and the frequency of train traffic. On the 
response side, the S-N behaviour, which is pertinent to the different assumed classes 
for the connection details, as well as the cumulative damage model (Miner sum) are 
also treated as random. Results are presented in the form of both probabilistic fatigue 
life estimates as well as fatigue failure probabilities.
4.2 Random Variables
4 .2 .1  R esistan ce  U ncerta in ties
The equation of an S-N curve, which was presented in Section 2 .1 .2  and is repeated 
here for convenience, is given as
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N (A a ) ^  = C (4.1)
where N  is the number of cycles to failure, A ct is the applied constant amplitude 
stress range and C and m  are constants relevant to the fatigue detail in question. 
Typically, in fatigue tests, the stress level A ct is specified and the cycles to failure N  
are recorded. Since even under nominally identical conditions N  will be different for 
different tests, the cycles to failure N  at any stress level Acr can be considered to be a 
random variable. It has been observed that the distribution of InN  for any A ct above the 
fatigue limit exhibits a variation which is independent of A ct (Chryssanthopoulos and 
Vrouwenvelder, 2005). However, as A ct decreases towards the level of the fatigue limit, 
the scatter in N  increases (Schijve, 1993). Despite this fact, customarily the coefficient 
of variation (CoV) is taken constant for all A ct (BS5400, 1980; Gurney, 1982). Two 
distributions that have been widely used to represent N  in fatigue reliability are the 
lognormal and the Weibull distributions (ASCE, 1982a; Schijve, 1993). Typically, in 
a probabilistic formulation, N  is assumed to follow a lognormal distribution with a 
constant standard deviation and varying mean (Byers et al., 1997a). It can then be 
seen from Equation 4.1 that, assuming m  and A ct are deterministic, C will also be 
lognormal with the same CoV as N . Typical CoV values for the cycles to failure N  at 
a given stress level range between 0.25 to 1.50 (ASCE, 1982a; Wirsching, 1995) which 
shows the high levels of uncertainty associated with the fatigue phenomenon. As an 
alternative to considering N  a random variable. A ct can also be treated as random for 
a given life N  (Schijve, 1994). A CoV of 0.10 for fatigue strength at a given life can 
be assumed as reasonable (Wirsching, 1995). In this chapter, the variable C, which 
depends on material properties and loading conditions, is assumed to be lognormally 
distributed with a mean value equal to the BS5400 (1980) mean value and a CoV of 
0.30. The latter value is in accordance with the value given in BS5400 (1980) for the 
various S-N curves proposed for different details. On the other hand, the slope of 
the S-N curve (Equation 4.1), m, is treated as deterministic and equal to the value 
proposed in BS5400 (1980) for each detail class. The recommended by BS5400 (1980) 
change of slope from m  to m-f2  at 10  ^ cycles is also adopted here. As was mentioned 
previously, the level of uncertainty is greater at stress levels close to the fatigue limit.
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Randomness of the two-slope S-N curve is achieved here by defining the fatigue limit 
Actq at a deterministic N  = 10  ^ and assuming it to be fully correlated with C. This 
can be expressed in Equation 4.1 by taking logarithms on both sides and rearranging 
as
log{A(jQ) = — -------  (4.2)
This results in a parallel vertical shift of the S-N line. Since InC is normally distributed, 
the distribution of In A ct q will also be normal.
As was discussed in Section 2.1.4, Miner’s rule (Equation 2.8) is used to calculate fatigue 
damage in the case of variable amplitude loading. For the case of distinct stress range 
blocks in a histogram, such as the one presented in Figure 3.23, Equation 2.8 becomes
b
i = l
where D is the total damage, b is the number of stress blocks, is the applied number of 
cycles at a stress range Acr^  and Ni is the fatigue life for the same stress range. Fatigue 
failure is assumed to occur when the sum D is greater than or equal to a damage limit 
A. In a deterministic context, the damage limit A is typically taken equal to unity. 
However, A is generally associated with considerable uncertainty, especially in the case 
of variable amplitude loading. Mean values of A ranging between 0.60 and 1.50 and 
CoV ranging between 0.26 and 0.90 are not uncommon as evidenced in a number of 
laboratory fatigue tests (Wirsching, 1980; ASCE, 1982b; Wirsching et al., 1995). Here, 
a lognormal distribution, which is typically used to describe A, with a mean value of 
0.90 and a CoV of 0.30, is considered (Wirsching, 1995).
4.2 .2  Live Load U ncerta in ties
For the purposes of the probabilistic analyses, the dynamic amplification factor (DAF) 
is considered here as random. Following the field measurements presented by Byers
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(1970) and Tobias and Foutch (1997) on short-span steel railway bridges and by Pin- 
jarkar et al. (1991) on the stringers of a riveted railway bridge, a normal distribution 
with a mean value of 1.10 and a standard deviation of 0.15 is assumed here for the DAF. 
Note that the deterministic DAF considered in Chapter 3 (Table 3.1) were higher than 
the mean value of 1 . 1 0  adopted in this chapter.
In addition to DAF, another factor, 7 , accounting for the differences observed between 
stresses obtained through field measurements and those calculated numerically or ana­
lytically (see sections 2.4 and 2.5) is also considered. This factor, which is here defined 
as the ratio of the measured stresses to their calculated counterparts, is assumed to 
follow a normal distribution with a mean value of 0.80. The mean value is based on 
comparison of stresses obtained analytically or numerically and through field measure­
ments (Byers, 1976; Foutch et al., 1990b; Adamson and Kulak, 1995; Sweeney et al., 
1997; DiBattista et al., 1998a). A CoV of 0.14 is assumed for 7  (Byers, 1976).
The effect of the uncertainty in train traffic on the fatigue life is studied here by ran­
domising the annual frequency fa  of each of the historical load model and BS5400 
medium traffic trains. Following the proposal of Ebrahimpour et al. (1993), lognormal 
distributions with a CoV of 0.14 are assumed for all fa. Mean values equal to the an­
nual train frequencies given in Figure 3.10 are considered for the case of the historical 
load model (period 1900-1970). For the period from 1970 onwards the mean values are 
taken equal to the annual train frequencies given in BS5400 (1980) (see Figure 3.9). 
The annual applied number of cycles for each train is a function of the annual train 
frequency and therefore, is also treated as random. The uncertainty in the annual 
frequency of the trains is directly reflected in the variable and its CoV is assumed 
equal to the CoV of fa  (0.14).
A summary of the random variables that are considered in this chapter is shown in 
Table 4.1. The mean value, CoV and the distribution type of each random variable is 
presented in the table. In the remainder of this chapter, these random variables will 
be indicated by bold characters.
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Table 4.1: Random variables for probabilistic analysis.
R andom  V ariable M ean CoV D is trib u tio n
C (Modified Class B) 2.34 xlO^G 0.30 Lognormal
C (Class Wl-rivet) 9.33 xl0^3 0.30 Lognormal
C (Class D) 3.99 xlQis 0.30 Lognormal
A 0.90 0.30 Lognormal
DAF 1 .1 0 0.14 Normal
7 0.80 0.14 Normal
fti From Figures 3.9 and 3.10 0.14 Lognormal
4.3 Framework for Probabilistic Analysis
For the purposes of the probabilistic analyses, probabilistic annual response spectra 
(stress range histograms), similar to the deterministic one shown in Figure 3.23, are 
developed for each period of the rail traffic model (1900-1920, 1920-1940, 1940-1970 and 
1970 onwards). These spectra are developed by multiplying the stress ranges obtained 
from the deterministic global analysis of Chapter 3 with the D A F and the 7  factor. A 
different value of D A F and 7  is used for each individual train passage over the bridge 
in order to account for the randomness in these variables. In particular, for each period 
of the rail traffic model, the stress range from train i, Acrij, is multiplied by a 
different D A F and a different 7  factor for each train passage. Therefore, the updated 
stress range Acr'-j for the train passage will be given as
Ao-y = Ao-ij(DAFr)(Tr) (4.4)
The annual response spectra for each period are developed through evaluation of Equa­
tion 4.4 fti times for each train i of that period. In essence, this is a crude Monte Carlo 
simulation with random variables DAF and 7  sampled from assumed distributions. 
The sample size is determined from the annual train frequencies fu. These are at first 
assumed deterministic but the effect of their randomness is also considered later in this
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chapter. Once determined, the response spectra are then used to estimate the prob­
ability of failure and the remaining fatigue life of the connection under investigation 
(S7-S5).
This step is performed by considering the limit state function g, which is given as
g = A  — D  (4.5)
Fatigue failure is assumed to occur when g < 0. The annual damage Da,i in each 
period I can be calculated from its annual response spectrum and will be given as
Da,I = (4.6)
where
ifA a '> A o -o  (4.7)
where k is the number of different stress ranges Acr^  in the annual response spectrum, 
rii is the number of applied stress ranges A(j[ and Actq is the fatigue limit of the detail 
class considered. It should be noted that the variable Acr( in Equations 4.7 and 4.8 is 
the value of the midpoint of the stress range block in a response spectrum whereas 
A<r( j  is an individual stress range value obtained from the passage of a random single 
train.
Hence, the limit state function takes the form of
Ip Ti
g = ^ - Y . Y , D a , i  (4.9)
1=1 j=l
where Ip is the number of periods (or annual response spectra) of interest and Ti is the 
number of years in each period. For the case considered here. Ip = 4 and Ti = 20, T2 =
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20, Ts =  30 and T4 > 35. T4 > 35 indicates that the sum in Equation 4.9 is carried on 
through extrapolation of the BS5400 medium traffic to the future, up to the point of 
fatigue failure of the connection (g — 0). Under this assumption, the remaining fatigue 
life Tr of the connection is given as
Ip Ti
T r  = ---------------   (4.10)
This equation can be used for the case of having fatigue failures in the period 1970 
onwards. For the other periods, the denominator of Equation 4.10 should be accordingly 
modified.
Based on the limit state function of Equation 4.9, the probability of fatigue failure in 
any one year can be defined as the probability of ^ < 0. This probability, which is 
a function of time, is here calculated by using Monte Carlo simulation. In using the 
Monte Carlo method, a number of simulations are carried for each sample realisation. 
The probability of failure is calculated according to
P f  = P[g{X)  < 0] =  /  fx {x)dx  ~  ^  °1 (4.11)
d g i x ) < 0  I k o t a l
where ^ < 0  represents the ‘failure’ domain, fx { ^ )  is the (unknown) joint distribution 
of the random variables entering the problem and the integral is evaluated over the 
failure domain. Via Monte Carlo simulation, this is then approximately evaluated as 
the ratio of II[gf(X) < 0], which is the number of samples satisfying the event in 
brackets, over Utotah which is the total number of samples used in the simulation.
Sensitivity studies are carried out here by considering three different scenarios, which 
are shown in Table 4.2. Differences between the three scenarios are introduced through 
the detail classification (modified Class B, Class Wl-rivet and Class D) and the mean 
values of the random variables A, DAF and 7 . The base model characteristics were 
discussed extensively in Section 4.2 and are here considered with a Class Wl-rivet detail.
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Table 4.2: Mean value characteristics of various models used for remaining fatigue life 
estimates.
V ariable Pessim istic
M odel
B ase M odel O ptim istic
M odel
CoV D istrib u tio n
Detail Class Modified 
Class B
Class Wl-rivet Class D
C 2.34 xlfiis 9.33 xl0^3 3.99 x l 0 ^ 2 0.30 Lognormal
m 4 4 3 Deter. 1
A 0.80 0.90 1 .0 0 0.30 Lognormal
DAF 1 .2 0 1 .1 0 1.05 0.14 Normal
7 0.90 0.80 0.70 0.14 Normal
Tli * * * 0.14 Lognormal
A a' * * *
deterministic) (* obtained from annual response spectra)
The optimistic and pessimistic models shown in Table 4.2 can be viewed as an attempt 
to obtain upper and lower bounds for remaining fatigue life estimates.
In the case of the pessimistic model, which results in the highest fatigue damage and, 
hence, the lowest remaining fatigue lives, a Modified Class B detail is assumed which 
represents the detrimental case of having a detail with low or no clamping force in the 
rivets. Mean values of 0.80 and 0.90 are assumed for the damage limit A  and the 7  
factor, respectively. The DAF is assumed to have a mean value of 1.20 which is not 
an unrealistic extreme, especially in short-span, open-deck, railway bridges.
On other hand, in the case of the optimistic model, the less onerous Class D detail is 
assumed. A mean value of 1.00 is assumed for the damage limit A . For the 7  factor, 
a mean value of 0.70 is considered following the observations of Sweeney et al. (1997) 
which showed that the stresses obtained from field measurements in riveted bridges can 
be as low as 70% of the stresses estimated analytically or numerically. A 5% dynamic 
amplification is assumed for the optimistic scenario.
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4.4 Results and Discussion
4 .4 .1  A nnual R esp on se S pectra
In this section, annual response spectra for connection S7-S5 for each of the four periods 
of the rail traffic model are presented. Three sets of results are shown. The first set 
(Figures 4.1-4.4) corresponds to deterministic annual response spectra similar to the 
spectrum shown in Figure 3.23 for the entire period from 1900 until 2004. Here, these 
spectra are developed, for each period, by multiplying the corresponding stress range 
histogram, obtained from the deterministic global analysis presented in Chapter 3, by 
the base model mean DAF and 7  values (DAF=1.10, 7=0.80, see Table 4.2). The 
second set of results (Figures 4.5-4.8), which takes into account the randomness of the 
D A F and 7  factor, is obtained through Equation 4.4 by assuming base model charac­
teristics (see Table 4.2) and that the annual train frequencies fu  and hence the applied 
number of cycles are deterministic. Finally, the last set of results (Figures 4.9-4.12) 
correspond to random f a  (and hence n^) assuming a CoV of 0.14 (see Section 4.2.2). 
In order to take into account the randomness in f a  and due to the long CPU running 
times, 1 0 0 0  samples are used for the development of the annual response spectrum of 
each period. In all the figures, the fatigue limits for the three detail classes under con­
sideration (modified Class B, Class Wl-rivet and Class D) as well as the mean values 
and the CoV of the stress ranges for each annual response spectrum are also indicated. 
For the deterministic response spectra, the 95% fractiles of the stress ranges are also 
shown.
As can be seen in the annual response spectra, the extreme stress ranges for the period 
1970 onwards are much higher than the extremes of the previous periods. This trend is 
shown by both deterministic and probabilistic spectra. By comparing the deterministic 
annual response spectra (Figures 4.1-4.4) with their probabilistic counterparts devel­
oped by assuming deterministic (Figures 4.5-4.8 ) it can be seen that the mean stress
range values between the two cases are virtually identical. However, in the determin­
istic spectra, all the stress ranges are below the fatigue limits of the assumed fatigue 
classes. The probabilistic spectra can be seen to provide a more gradual fall-off for the 
critical right-hand side tail of the stress range distribution and the tails of these spectra
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Figure 4.1: Deterministic annual response spectrum for period 1900-1920.
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Figure 4.2: Deterministic annual response spectrum for period 1920-1940.
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Figure 4,3: Deterministic annual response spectrum for period 1940-1970.
3.55*05
3.05*05
2Æ5-K»
2.05*05
155*05
1.05*05
5.05*04
0.05*00
ModHMCtacsB CtesWI-rlvBt CIm b D
Mlguellmi MgueNmlt bUgumllmlt Mean = 12.6 MPa CoV = 0.82 
95% tract = 28.3 MPa
0 4 8 12 16 20 24 2 6 3 2 3 6 4 0 4 4 4 8 5 2 5 6 6 0 6 4 6 8 7 2 7 6 8 0 6 4 8 8 0 2 9 6  100
S t r a s s  r a n g s  (M P a)
Figure 4.4: Deterministic annual response spectrum for period 1970 onwards.
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Figure 4.5: Probabilistic annual response spectrum with deterministic nj for period 
1900-1920.
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Figure 4.6: Probabilistic annual response spectrum with deterministic nj for period 
1920-1940.
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Figure 4.7: Probabilistic annual response spectrum with deterministic nj for period 
1940-1970.
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Figure 4.8: Probabilistic annual response spectrum with deterministic nj for period 
1970 onwards.
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Figure 4.9: Probabilistic annual response spectrum with random n i for period 1900- 
1920.
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Figure 4.10: Probabilistic annual response spectrum with random n$ for period 1920- 
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Figure 4.11: Probabilistic annual response spectrum with random rii for period 1940- 
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Figure 4.12: Probabilistic annual response spectrum with random rii for period 1970 
onwards.
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extend beyond the fatigue limits. The fatigue damage estimated from these two types 
of response spectra (deterministic vs probabilistic) will be different due to the power 
law nature of the fatigue damage in relation to the stress ranges.
Table 4.3 summarises the first and second order moment statistics for the probabilistic 
spectra with random rii shown in Figures 4.9 to 4.12. Together with these, the 90, 
95 and 99% fractiles of the stress ranges are also reported. As can be seen, although 
the mean stress range value of each probabilistic spectrum is equal to its deterministic 
counterpart (see Figures 4.1-4.4), the 95% fractile values are higher in the former case.
In the probabilistic annual response spectra of Figures 4.9-4.12, two-parameter Weibull 
distribution fits are also shown with thick curves. The probability density function 
(PDF) of a two-parameter Weibull distribution is given as
(4.12)
where /? and rj are the parameters of the distributions. These parameters were deter­
mined by using probability paper plots of the histograms (see Appendix A) and are 
also shown in Figures 4.9-4.12. Different distributions were tested and the best fit was 
found to be provided by the Weibull model. The Weibull fits shown in Figures 4.9-4.12 
are not perfect; however since stress ranges close to and above the fatigue limit make 
the largest contribution to fatigue damage, the fitted distributions shown in Figures 
4.9-4.12 were determined considering the best fit with respect to the stress range blocks
Table 4.3: First and second order statistics and various fractiles for the probabilistic 
response spectra with random n^.
Period E[Aa] (MPa) CoV[Acr] 90% fractile 95% fractile 99% fractile
1900-1920 5.79 1.09 11.5 16.1 29.7
1920-1940 6.75 0.84 1 2 .1 15.5 24.0
1940-1970 8.91 0.64 14.1 16.2 23.0
' 1970- 1 2 .6 0.75 23.5 30.1 40.0
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on the right tail of the histograms. A combination of two distributions (for example 
WeibuU combined with exponential) may give better results for the entire response 
spectra. Since this topic of research is beyond the scope of this thesis, the remaining 
fatigue life estimates presented in the remainder of this chapter are obtained by using 
the histograms instead of the fitted distributions.
4 .4 .2  C onvergence S tudy
The number of samples used in the Monte Carlo analyses for the estimation of the 
remaining fatigue life was determined through a convergence study. Figures 4.13 and 
4.14 show a typical PDF of the remaining fatigue life of connection 87-85 for two 
different sample sizes. A lognormal fit, which was determined by using the mean and 
the standard deviation values of the remaining fatigue life, is also shown on these 
figures. The fitted distribution was found to pass the Kolmogorov-8mirnov (K-8) one- 
sample goodness of fit test (Benjamin and Cornell, 1970; Ayyub and McCuen, 1997) at 
the 1% significance level. The PDF were obtained assuming base model characteristics
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Figure 4.13: Convergence study on remaining fatigue life Tr (10^ samples).
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Figure 4.14; Convergence study on remaining fatigue life Tr (10® samples).
and random n<. As can be seen the remaining fatigue life is almost perfectly described 
by a lognormal distribution. This is attributed to the fact that the random variables 
are assumed to be either lognormally or normally distributed (see Section 4.2). It 
can also be seen that 10® samples (Figure 4.14) result in a smoother PDF curve as 
compared to the case of 10® samples (Figure 4.13) where significant fluctuations are 
present. Considering the reasonable CPU running times (3 hours for each simulation), 
10® samples are used in the probabilistic analyses presented in the remainder of this 
chapter.
4.4 .3  P robab ilistic  Fatigue Life E stim ates
In this section, probabilistic fatigue life estimates for connection 87-85 are presented 
for the different scenarios shown in Table 4.2. The probability of fatigue failure is 
calculated through Equation 4.11 by using the probabilistic annual response spectra 
(histograms) shown in Figures 4.9 to 4.12.
The probability of failure versus time for the three models shown in Table 4.2 is pre-
4.4. Results and Discussion 140
sented in Figure 4.15. For clarity, the vertical axis on the figure is shown on a loga­
rithmic scale. The time scale begins from year 2004. For a 2.3% (design) probability 
of failure and assuming a base model, the remaining fatigue life of the connection is 
found to be 184 years. For the same probability of failure and assuming a pessimistic 
model, the remaining fatigue life drops to 7 years. Finally, for the case of the optimistic 
model, the remaining fatigue life can be assumed to be virtually infinite. It can also 
be seen in Figure 4.15 that, in the case of the pessimistic model, approximately 1% of 
the samples result in negative fatigue lives which suggest that fatigue failure is likely 
to have occurred. It is also noteable that for the case of the pessimistic model, the 
remaining fatigue life does not change significantly for different target probabilities of 
failure.
Figure 4.16 depicts the PDF of the remaining fatigue life as well as the mean values and 
CoV associated with each model. Mean remaining fatigue life estimates for the base, 
pessimistic and optimistic models are estimated as 685, 106 and 5247 years, respectively. 
The CoV associated with each model can be seen to range between 0.60 and 0.74 and 
is an indication of the large scatter that exists in high cycle fatigue processes.
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Figure 4.15: Probability of fatigue failure versus time for various models.
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Figure 4.16: Probability density functions of remaining fatigue life Tr for various mod­
els.
Figures 4.15 and 4.16 suggest that, under the assumptions of the base model, there is 
still adequate fatigue life reserve for the connection under investigation. For low failure 
probabilities (< 10~^) the remaining fatigue life of the connection ranges between 30 
to 50 years for this case. On the other hand, the remaining fatigue life for the case of 
the optimistic model may be assumed to be practically infinite. However^ it has to be 
mentioned that the results pertaining to the three models shown in Figures 4.15 and 
4.16 are based on the assumption of BS5400 future traffic and hence non-evolving loads. 
The introduction of trains with higher axle loads or increase in train frequencies in the 
future would further increase the failure probability of the connection. Given the large 
number of connections present in the railway network, it is also worth considering a 
target lower than the 2.3% used here which would result in a decrease of the remaining 
fatigue life. For example, if it is assumed that there exist 6000 riveted bridges similar 
to the one investigated in this thesis, and if each of these bridges has 16 fatigue-critical 
connections, this corresponds to approximately 1 0 0 0 0 0  such connections in the whole 
bridge network. Considering different probabilities of failure for the connection, a 1 %
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target (1000 failures) would lead to a 150 years life for the base model, whereas a 0.1% 
target (100 failures) would decrease this even further to 8 8  years. The consideration of 
low target failure probabilities in conjunction with load evolution in the future would 
most certainly result in lower remaining fatigue lives that the ones presented above 
suggesting that periodic inspections of the connections should be actively considered 
in the near future. A planned replacement strategy should also be considered.
The effect of different variables on the failure probability of the connection over time is 
investigated by varying, each time, a single variable (in the case of random variables, 
their mean value) while keeping the others fixed. Figures 4.17, 4.18, 4.19 and 4.20 show 
the effect of the detail classification, damage limit A , 7  factor and D A F, respectively, 
on the failure probability of the connection. It can be seen that the highest effect on 
the failure probability is due to the detail classification and the 7  factor. By assuming 
base model characteristics and changing the detail classification to modified Class B 
the mean remaining fatigue life of the connection decreases by 35% from from 685 to 
442 years (see Figure 4.17). Alternatively, by assuming a Class D the mean remaining 
fatigue life increases by almost 200%. On the other hand, by reverting to a Wl-rivet 
classification but modifying the mean value of the 7  factor to 0.90, the mean remaining 
fatigue life is reduced by 50% from 685 to 346 years (see Figure 4.19). By assuming a 
7  factor equal to 0.70 the mean remaining fatigue life increases considerably by 110%. 
This disproportionate change in the mean remaining fatigue life brought about by 
altering the 7  factor may be attributed to the relation of the stress ranges experienced 
by the connection with the fatigue limit. The variation of the D A F and the damage 
limit A  (see Figures 4.18 and 4.20) results in less pronounced changes as compared with 
the previous variables. The change in the mean remaining fatigue life of the connection 
is found ranging between 12% to 40%.
The effect of the different variables on the characteristic (2.3% probability of failure) 
fatigue life of the connection can be more clearly seen in Figure 4.21 compared to 
the assumptions made in the base model. The figure shows the percentage increases 
(towards the right) and the percentage decreases (towards the left) brought about by 
changing, one at a time, the mean values of the base model random variables. The most 
substantial increase in fatigue life is brought about through detail classification. This
4.4. Results and Discussion 143
2.3% probability of failure 
?
Mean -441.5 years 
CoV = 0.608
Mean = 2047 years 
CoV = 0.6373 0.001
0.0001
0.00001
0.000001
50 100 150 200 250 300 350 400 450 500 550 600
Time after 2004 (years)
I  —0— Base Model - a -  Base Model with Modified Class B -6 — Base Model with Class D I
Figure 4.17: Effect of detail classification on failure probability of connection.
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Figure 4.18: Effect of damage limit A  on failure probability of connection.
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Figure 4.19: Effect of 7  factor on failure probability of connection.
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Figure 4,21: Effect of different variables on characteristic remaining fatigue life for a 
target 2.3% probability of failure.
was also observed by Kunz et al. (1994) and Tobias and Foutch (1997) who showed, 
through sensitivity studies, that one of the dominant factors affecting remaining fatigue 
life estimates is the fatigue strength curve (see also Section 2.4). The detrimental 
effect of loss of rivet clamping force, which is modelled here via the modified Class 
B, is manifest by reducing the characteristic fatigue life by 40%. This is also evident 
in Figure 4.17 where, for low failure probabilities, loss of clamping force reduces the 
remaining fatigue life of the connection to only a few years. The variable with the 
second greatest infiuence can be seen in Figure 4.21 as being the y  factor. This factor 
has also been observed by Kunz et al. (1994) to affect remaining fatigue life estimates 
considerably. When compared to detail classification and 7 , the effect of the D A F  and 
the damage limit A  can be seen to be less profound. The observation of the relative 
insensitivity of remaining fatigue life estimates brought about by the uncertainty in the 
damage limit A  was also made by Ebrahimpour et al. (1993).
The above results emphasise that the characterisation of the fatigue detail and the 
correct estimation of stress ranges are essential in order to provide reliable fatigue life
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estimates. To the author’s knowledge, there are no detail classes that characterise the 
fatigue behaviour of stringer-to-cross-girder connections. The fatigue characteristics of 
the few details regarding riveted connections were obtained by full-scale laboratory tests 
on riveted girders and on small-scale tests on riveted lap joints, mostly under the effect 
of shear forces. The majority of these tests were carried out on stress amplitudes much 
higher than the fatigue limit. However, since the stresses experienced by short-span 
riveted railway bridges are relatively low, as verified through field measurements (Hirt, 
1978; Foutch et al., 1990b; Akesson, 1994; Akesson and Edlund, 1995; Bruhwiler, 1995) 
and the analyses presented in Chapters 3 and 4 of this thesis, additional laboratory 
tests under low stress amplitudes close to the fatigue limit are needed (Sweeney, 1990). 
Accurate estimation of stress histories through field measurements would also be of 
great assistance since fatigue life estimates are very sensitive to the stress range level. 
With the help of these measurements, the validity of the analytical/ numerical bridge 
model in producing realistic stress histories can be verified. Moreover, the level of dy­
namic amplification can also be estimated from the field measurements. Consequently, 
confidence in the fatigue life estimates can be increased.
The effect of the uncertainty in the applied number of cycles rii on the failure probability 
of the connection is also investigated. This uncertainty may be seen, as mentioned 
earlier, to represent the uncertainty in the annual train frequency fu .  Apart from the 
original base model case where a CoV of 0.14 was considered for rii (see Section 4.2.2), 
two additional cases of a CoV equal to 0.3 and 0.5 are examined. The results for all 
three cases are shown in Figure 4.22 in the form of probability of fatigue failure versus 
time. It can be seen that an increase in the CoV of rii is accompanied by a slight 
increase in the failure probability of the connection. In general, the differences for all 
three models are very small and tend to diminish over time. For example, for a target 
failure probability of 0.001% the remaining fatigue life is estimated to be 32, 27 and 25 
years for CoV of 0.14, 0.3 and 0.5, respectively. The results of Figure 4.22 suggest that 
fatigue life estimates are not very sensitive to the uncertainty considered in the rail 
trafiic frequency. This is in broad agreement with the results obtained Ebrahimpour 
et al. (1993) and Kunz et al. (1994) which showed that the probability of fatigue failure 
is not very sensitive to the rail traffic volume.
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Figure 4.22: Probability of fatigue failure versus time for different levels of uncertainty 
in the applied cycles.
4.5 Concluding Remarks
In this chapter, the deterministic global analysis of the riveted railway bridge, which was 
presented in Chapter 3, was extended in a probabilistic manner. Uncertainties regarding 
the S-N curves of the assumed fatigue classes, the damage limit, the applied number of 
cycles, the dynamic amplification and the differences between measured and calculated 
stresses were taken into account. The fatigue damage of connection S7-S5, which 
was ranked first with respect to fatigue damage in Chapter 3, was estimated through 
probabilistic annual response spectra developed using the historical load model and the 
BS5400 trains. These spectra have shown that the fatigue behaviour of the connection 
at or below the fatigue limit plays a major part. It was found that the connection has 
some characteristic fatigue life reserve under the base model assumptions. However, 
consideration of low failure probabilities, given the large number of connections in the 
railway network, revealed that fatigue failure of such connections can be expected in the 
next few decades. Fatigue life estimates were found to exhibit the highest sensitivity
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to detail classification, and in particular the fatigue limit behaviour, and the 7  factor, 
which takes into account the difference between measured and calculated stresses. The 
damage limit and the D A F were found to be of less importance. Uncertainties in 
the number of applied cycles were found not to play any significant role for remaining 
fatigue life estimates.
The results obtained so far in Chapters 3 and 4 have shown the the most important 
factor affecting fatigue damage is detail classification. For this reason, the remainder 
of the thesis focuses on a more detailed analysis of one of the most highly-damaged 
connections. This investigation will be carried out through a local finite element model 
which takes into account the full geometry of the connection and which will assist in 
obtaining a more detailed identification of the most fatigue-critical locations on the 
connection itself. To this end, the following chapter deals with finite element analyses 
of simple riveted lap joints in order to increase understanding and gain confidence in 
developing a refined stringer-to-cross-girder connection model later on in Chapter 6 .
Chapter 5
Finite Element Analysis of 
R iveted Lap Joints
5.1 Introduction
The importance of detail classification on fatigue life estimates was established in Chap­
ters 3 and 4 on both a deterministic and probabilistic basis. For this reason, a refined 
model of a stringer-to-cross-girder connection will be developed and investigated in 
Chapter 6 . However, before attempting the development of such a complex model, 
simple lap joints are modelled and investigated in this chapter as a benchmark, using 
the finite element method.
The behaviour of stringer-to-cross-girder connections is rather complex since they con­
sist of a number of different parts riveted together. Apart from the rivets, these con­
nections consist of angles that are riveted on the stringer web and cross-girder web 
plates. Not surprisingly, three-dimensional (3-D) finite element (FE) modelling of such 
connections is a cumbersome and complicated process since not only does it involve de­
tailed geometrical representation of the connection, but also it has to take into account 
various features such as contact and friction between the connecting parts as well as 
the clamping forces in the rivets.
In this chapter, 3-D linear FE analyses of simple riveted lap joints are carried out.
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Results obtained from this type of analysis compared with other results published in 
the literature can increase understanding as well as confidence in the more complex 
models of riveted stringer-to-cross-girder connections used in Chapter 6 . Towards this 
end, both single-lap and double-lap joints are studied. The effects of parameters such 
as the rivet clamping force and the clearance between the rivet and the hole on stress 
concentrations and stresses in these joints are investigated. Where possible, numeri­
cal results are compared with analytical and experimental results obtained from the 
literature.
The FE analyses are performed with the commercial FE-code ABAQUS (2003). Con­
tact between the individual parts of the assembly (plate-to-plate, rivet head-to-plate 
and rivet-to-hole) is modelled using contact pairs and the master-slave surface algo­
rithm of ABAQUS (2003). 8 -noded brick elements (C3D8) with 3 translational degrees 
of freedom on each node and full integration are used to model the plates and rivet. A 
Coulomb friction model with an assumed coefficient of friction of 0.3 is considered. The 
surfaces of the rivet head that are in contact with the plate are modelled using the *N0 
SEPARATION option of ABAQUS so that these surfaces remain in contact throughout 
the analysis. The pre-tension force in the rivet is modelled using the *PRE-TENSION 
SURFACE option of ABAQUS at the mid-length location of the rivets. The FE anal­
yses are performed in two steps. The clamping force in the rivet is applied during the 
first step. In the second step the external load is applied in addition to the clamping 
force. The plates and rivet are assumed to behave elastically with a Young’s Modulus 
of 200 GPa and a Poisson’s ratio of 0.3. In accordance with the recommendations made 
by Bursi and Jaspart (1997) and Vegte (2004), who carried out parametric FE studies 
on bolted connections, at least 3 layers of brick elements are used here through the 
thickness of each plate and at least 24 elements around the perimeter of the rivet.
5.2. Single-lap Joints 151
5.2 Single-lap Joints
5.2.1 M od el D escrip tion
The finite element model of the single-lap joint under investigation consists of two plates 
with a thickness of 10 mm each and a single rivet which has a diameter of 20 mm. The 
various assumed dimensions of the lap joint are shown in Figure 5.1. The bottom plate 
is fixed against translation in the 1-direction all along its face MN. Faces MO on the 
bottom plate, TQ on the top plate and the corresponding parallel faces on the other 
side of the lap joint are translationally fixed in the 2-direction. Furthermore, edges MN 
and QR are translationally fixed in the 3-direction to prevent unrestrained rotation of 
the lap joint. The particular boundary conditions applied to this lap joint have been 
chosen so that comparisons with previous FE studies published in the literature can be 
made, as will be described in the following sections. The external load is applied on 
face QR of the top plate as a uniform pressure P. Three different clamping force values 
are considered: a very low clamping force of 1 MPa, a low-to-moderate clamping force 
of 50 MPa and a high clamping force of 150 MPa. A typical mesh of the single-lap 
joint, which consists of approximately 13500 elements and 50000 degrees of freedom, 
is shown in Figure 5.1. A typical deformed shape of the single-lap joint is shown in 
Figure 5.2.
5 .2 .2  R esu lts  and D iscu ssion
Two types of stress concentrations are investigated; longitudinal stress concentrations 
at the edge of the hole in the direction of the applied load (points A, B, C and D in 
Figure 5.3 and bearing stress concentrations due to bearing of the rivet on the plates 
(points A', B' on the top plate and the diametrically opposite points from points C' 
and D' on the bottom plate, see Figure 5.3). For the sake of clarity, throughout this 
discussion, reference to points C' and D' is taken to imply the diametrically opposite 
points to those shown in Figure 5.3. It should be noted that under the prescribed 
loading, the rivet bears on opposite sides of the hole i.e. on the left side of the top plate 
hole and the right side of the bottom plate hole (see Figure 5.2). For this reason, bearing
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Figure 5.3: Locations where stress concentration factors are calculated for the single-lap 
joint.
stress concentrations are obtained on opposite sides of the hole. Furthermore, although 
points B and C have the same coordinates, they belong to the top and bottom plates, 
respectively. Longitudinal stress concentrations at the edge of the hole are calculated 
by dividing the longitudinal stress value (cru) at that point by the applied stress P. 
Bearing stress concentrations are calculated by dividing the bearing stress (cru) at the 
point of bearing by the average bearing stress Fa/td, where Fa is the externally applied 
force {= P x  plate width x thickness), t is the thickness of the plate and d is the hole 
diameter. A total of four points, two on each plate, at their top and bottom surfaces, 
are investigated for each type of stress concentration.
Longitudinal Stress Concentration Factors
Table 5.1 shows the longitudinal stress concentration factors (SCF) at the edge of the 
hole obtained at points A, B, C and D (see Figure 5.3), for 3 different values of rivet 
clamping force (Tdamp^  Shown also in Table 5.1 is the case where a 0.5 mm clearance is
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modelled between the rivet and the hole by reducing the rivet diameter by 1 mm. The 
reason the results are not shown in the form of normalised external load per clamping 
force is the presence of friction which makes the analysis nonlinear. A dash in the table 
indicates a compressive stress at that point and for this reason the stress concentration 
is not calculated. In the same table, stress concentration values obtained from the 
literature are also shown. The value of Frocht and Hill (1940) was obtained through 
photoelastic studies of a 25.4 mm thick and 1400 mm wide single aluminum plate with a 
hole loaded by a 203.2 mm diameter pin, without considering any clamping force. Iyer 
et al. (1997, 1999), assuming no clamping force, and Fung and Smart (1994), assuming 
a low clamping force, carried out 3-D FE analyses of single-lap joints. The thickness 
of the plates they used in their FE models (1.53 mm; Iyer et al. (1997, 1999), 2  mm; 
Fung and Smart (1994)), is very small compared with the thicknesses of the present FE 
model (10 mm). The single value given in Table 5.1 under each of these authors (Fung 
and Smart, 1994; Iyer et ah, 1997, 1999) is the maximum SCF obtained from their 
analyses (however, the location of the SCF was not mentioned in their reports). The 
value of Theocaris (1956) was obtained from 2-D analytical studies of a finite-width, 
infinite-length, pin-loaded plate without considering clamping. Accordingly, the stress 
concentration value given by Theocaris depends only on the ratio of the hole diameter 
to the plate width. Lastly, the value given by Peterson (1997) is based on 2-D studies
Table 5.1: Longitudinal SCF at the edge of the hole for a single-lap joint (P=20 MPa).
Top plate Bottom
plate
Frocht
and
Hill
(1940)
Iyer 
et al. 
(1997, 
1999)
Fung
and
Smart
(1994)
Theocaris
(1956)
Peterson
(1997)
^  clam p A B C D
1 MPa 1.35 6 . 0 0 8 .1 2.35 5.3 6 .1 7.28 6.55 4.7
50 MPa 0.60 3.58 6.50 1.34 5.3 6 .1 7.28 6.55 4.7
150 MPa - 1.61 4.68 - 5.3 6 .1 7.28 6.55 4.7
150 MPa 
(clearance)
- 1.61 5.14 - 5.3 6 .1 7.28 6.55 4.9
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of pin-loaded lugs. The SCF in this case is influenced by the geometry of the lug as 
well as the clearance of the pin in the hole.
It is evident in Table 5.1 that the present SCF in the single-lap joint are considerably 
higher than the theoretical SCF value of a hole in a plate, which is approximately 3 
(Timoshenko and Goodier, 1970). This is due to the rivet bearing on the hole, which 
can increase the value of the SCF to approximately 6  or 7 (Carter et al., 1954). It can 
be seen that the SCF decreases with increasing clamping force. Similar observations 
were also made by Fung and Smart (1994) by investigating different values of rivet 
clamping force. The beneficial effect of the rivet clamping force on reducing stress 
concentrations is evident since, for a high clamping force of 150 MPa, the stresses at 
the edge of the hole below the rivet head (points A and D) become compressive. %he 
highest values of SCF are observed at the interface between the two plates (points B 
and C in Figure 5.3). This may be attributed to the secondary bending stresses that 
exist in a single-lap joint (see deformed shape of Figure 5.2) in addition to the primary 
axial stresses. These secondary bending stresses, which vary linearly through the plate 
thickness, are maximum at the interface between the two plates. Indeed, this location 
has been considered as a fatigue-critical location in single-lap joints (Schijve, 2001). As 
can be seen in Table 5.1, a 0.5 mm clearance between the rivet and the hole results in 
a slight increase in the SCF from 4.68 to 5.14. This observation is in agreement with 
observations made by Frocht and Hill (1940) and Heywood (1962) on pin-loaded plates, 
where an increase in clearance between the pin and hole resulted in an increase of the 
SCF. This is partly due to possible rivet tilting resulting in an unfavourable pressure 
distribution of the rivet on the hole and partly due to the possible local change in 
curvature of the hole boundary caused by the clearance.
The SCF of 4.7, 5.3 and 6.55 reported by Peterson (1997), Frocht and Hill (1940) and 
Theocaris (1956) are generally lower than the ones obtained from the present study for 
the case of no clamping force (6.0 and 8.1). This may be attributed to the absence of 
secondary bending stresses in the cases studied by these authors, which dealt with a 
single plate loaded by a pin. The 2-D nature of the analytical model used by Theocaris 
may also explain the differences between his SCF and the present FE-based SCF. On 
the other hand, differences between the present study and the results obtained by
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Fung and Smart (1994) and Iyer et al. (1997, 1999) may be attributed to the different 
dimensions that these authors used for their FE model.
Shivakumar and Newman (1992) carried out 3-D FE analyses of a large plate with a 
hole subjected to loading conditions such as remote tension and remote bending. They 
also investigated the case of a plate being loaded by a wedge loading P' acting in the 
hole as shown in Figure 5.4, thought to be representative of pin bearing.
The radial stress distribution around the hole perimeter was approximated by a cosine 
function as (Shivakumar and Newman, 1992)
2P'(cos(f))
Trrt (5.1)
where r is the hole radius, t is the plate thickness and 4> is defined in Figure 5.4.
The compound SCF arising from the superposition of wedge and external tension load­
ing was approximated as (Shivakumar and Newman, 1992)
2P'(cos (|))
2w
W edge loading,P'
Figure 5.4: Hole loaded by an assumed radial stress distribution (Shivakumar and 
Newman, 1992).
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K ,  =  (5.2)
where and Kt are the SCF for wedge and remote tension loading, respectively, and 
w is the plate half-width. The SCF for wedge loading was defined by the authors as
-  p Y 2 r t
where (Tyy{z) is the stress at 0 =  90 ° and z is the depth of the plate measured as shown 
in Figure 5.4. On the other hand, Kt was defined in the usual way as
M z )  = ^  (5.4)
where P  is the remotely applied stress. Furthermore, the SCF due to remote bending, 
Kb, was defined as
_ ^yyi^)
where M  is the remotely applied bending moment.
Stress concentration equations for Kt and K ^  were developed by Shivakumar and 
Newman by fitting their FE results to a double-series polynomial equation of the form
4 4
Km = '^ '^ o ' i j { r / t y ( z / t Ÿ ^  (5.6)
i= 0  j=0
where aij are constants, m = t îot remote tension and m  = w îot wedge loading. On 
the other hand, the form of the bending SCF was
4 4
= (5.7)
i= 0  j=l
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Table 5.2 compares the SCF obtained from the present FE analysis of the riveted single­
lap joint, without the clamping force, with the superposition of Kp (calculated from 
Equations 5.2 and 5.6) and K i (calculated from Equation 5.7). Kb can be assumed 
to represent the effect of secondary bending stresses. In Equation 5.5, the bending 
moment M  is equal to the externally applied force times the eccentricity of the single­
lap joint which is equal to half of the plate thickness t/2 . The thickness of each plate 
(t=10 mm) was used in Equations 5.6 and 5.7. As can be seen in Table 5.2, the 
maximum SCF obtained from the FE analyses at the interface between the plates 
(points B and C) is lower, by approximately 35%, than the factor given by Shivakumar 
and Newman (1992). On the outer surfaces of the plates (points A and D) the SCF 
obtained in the present investigation are higher than the superposition of the factors 
given by Shivakumar and Newman (1992). Table 5.2 shows that the superposition of 
pin-loading {Kp) and secondary bending (Kb) overestimates the hole-edge stresses at 
the interface of the two plates leading to a more severe condition when compared with 
the FE analyses.
Table 5.2: Superposition of SCF Kp and Kb for a single-lap joint (no clamping force, 
P=20 MPa).
Location of stress concentration
Top plate Bottom plate
A B C D
Superposition of Kp and Kb 0 .1 1 2.23 2.23 0 .1 1
FE 0.27 1 .2 0 1.62 0.47
Bearing Stress Concentration Factors
Table 5.3 shows the bearing stress concentration factors for the case of the single-lap 
joint for three different clamping forces. The table also shows values of bearing SCF 
obtained from the literature. The value of Theocaris (1956) is obtained from analytical 
studies of a finite-width, infinite-length plate with a pin-loaded hole and, as mentioned
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Table 5.3: Bearing SCF for a single-lap joint (P=20 MPa).
Top plate Bottom plate Theocaris
(1956)
Barrois (1978) 
(clamped heads)
Barrois
(1978)
(pin)
^clamp A' B' C' D'
1 MPa 0.42 2.04 2.57 0.76 1.04 1.39 4.15
50 MPa 0.49 1.63 2.51 0.65 1.04 1.39 4.15
150 MPa 0.99 0.54 2.38 0.96 1.04 1.39 4.15
150 MPa 
(clearance)
- 1.54 5.18 - 1.04 1.39 4.15
previously, it depends solely on the ratio of the hole diameter to the plate width. On 
the other hand, Barrois (1978) obtained his values from analytical studies of single-lap 
joints having either fully clamped rivet heads (high clamping) or being loaded through 
a single pin (no clamping). In his study, Barrois assumed that the bearing load was 
evenly distributed through the thicknesses of the plates and that there was no clearance 
between the rivet or pin and the hole. The values given by Barrois (1.39 and 4.15) are 
the bearing SCF obtained at the interface between the plates of the single-lap joints he 
investigated.
As can be seen in Table 5.3, the bearing SCF given by Barrois for the case of a pin 
(4.15) is much larger than the bearing SCF for the case of having a fully clamped rivet 
(1.39). This is due to the absence of the tightening effect of the rivet heads and the 
tilting of the pin, which results in higher stresses at the interface between the plates. 
The value given by Theocaris (1.04) is lower than Barrois’ 4.15 value due to the absence 
of pin tilting, which results in uniform bearing of the pin on the hole.
The beneficial effect of the clamping force on reducing bearing SCF is evident in Table 
5.3. Thus, in the context of the present study, the bearing SCF in the top plate is 
reduced from 2.04 (no clamping) to 0.54 (high clamping). Similarly, a decrease in the 
bearing SCF may be seen for point C' but this is significantly less than the case of the 
top plate. It can also be seen in the table that, as the rivet clamping force reduces, the
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difference in the SCF between points B' and C' tends to decrease. The highest bearing 
SCF for the case of high clamping (2.38) is significantly higher than the value reported 
by Barrois (1978) (1.39), due to the presence of the secondary bending stresses in the 
present FE model. By contrast, the highest factor in the case of low clamping force 
(2.57) is considerably lower than the corresponding factor of 4.15 given by Barrois, due 
to the presence of the rivet heads in the present FE model, which prevent possible 
tilting of the rivet.
Although increase in clamping force results in an increase in the bearing SCF at points 
A' and D' these can be seen to be less than 1. Finally, as can be seen in Table 5.3 
introduction of a 0.5 mm clearance results in a very large SCF at point C' (5.18).
S tress D istr ib u tio n s
Figure 5.5 shows the bearing stress distributions on the plate holes of the single-lap 
joint. These distributions pertain to three different clamping forces. The stresses are 
obtained along the depth of the plate (line A'-B', top plate; line C'-D', bottom plate, 
see Figure 5.3). It has to be remembered that the rivet bears on opposite sides of the 
hole on each plate, i.e. on the left side of the top plate hole and the right side of the 
bottom plate hole. As can be seen, the bearing stresses and, therefore, bearing SCF, 
generally decrease as the clamping force in the rivet increases. The general trend of the 
bearing stresses is in broad agreement with other studies on single-lap joints (McGuire, 
1968; Kulak et al., 1987). The highest stresses on the plates are present close to and 
at the interface between the two plates due to the highest bearing of the rivet at these 
points and the additional secondary bending stresses that exist in the joint. A higher 
rivet clamping force results in higher stresses at the outer surfaces of the plates (points 
A' and D' in Figure 5.5). This is due to the higher compressive stresses that exist under 
the rivet head as a result of high clamping.
Figure 5.6 shows the bearing stress distribution on the rivet for the Ccise of three different 
clamping forces. The stresses are obtained along the corresponding lines on the rivet 
similar to the plates (A'-B' and C^D'). It can be seen in the figure that a higher rivet 
clamping force results in lower bearing stresses in the rivet as well. The bearing stresses
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Figure 5.5: Bearing stress distribution in the plates of a single-lap joint (P=20 MPa).
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Figure 5.6: Bearing stress distribution in the rivet of a single-lap joint (P=20 MPa).
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in the rivet become discontinuous at the interface of the two plates for low clamping 
values. This may be attributed to the fact that the lower clamping force in the rivet 
results in a higher load being carried through shear of the rivet. A small amount of 
force is carried through friction between the plates in the absence of clamping.
By comparing Figures 5.5 and 5.6 it can be seen that the bearing stresses on the top 
plate and the top part of the rivet are more or less anti-symmetric with the bearing 
stresses in the bottom plate and bottom part of the rivet due to the symmetric nature 
of the single-lap FE model (symmetric geometry, boundary conditions and loading). It 
can also been seen that, for equilibrium reasons, the bearing stresses on the plates and 
on the rivet are similar between points A' and B' and between C' and D', points A', B', 
C' and D' being excluded. By contrast, the stress values on the outer surfaces of the 
plate (points A' and D' in Figure 5.3) are quite different when compared to their rivet 
counterparts. This may be due to the discontinuity that is present at the location where 
the rivet shank intersects the rivet head. A right angle exists at that location, leading 
to a singularity and hence a high SCF at that point. This stress concentration is more 
pronounced when the rivets are loaded under axial tension combined with bending, 
which is the case in stringer-to-cross-girder connections (Al-Emrani, 2002; Al-Emrani 
and Kliger, 2003). Indeed, damaged rivets where the heads have popped out due to 
fatigue cracks initiating at that point have been reported in the past (Al-Emrani, 1999).
Figures 5.7 and 5.8 show the radial stresses, normalised by P , obtained along the 
circumference of the top and bottom plate hole, respectively, for the case of no clamping 
force in the rivet. For the case of the top plate, the normalised radial stress distribution 
is obtained along the circumference of the hole from 6 =  —90° to 6 = -1-90°. On the 
other hand, for the case of the bottom plate, the normalised radial stress distribution 
is obtained along the circumference of the hole from 9 = -f-90 ° to 6 = -f-270 ° since the 
rivet bears on the right side of the bottom plate hole.
Three sets of curves are obtained along the hole circumference corresponding to the 
top and bottom surfaces of each plate and to the mid-thickness of the plates. A fourth 
curve labelled FE (average), representing the average of the previous three curves, 
is also plotted in Figures 5.7 and 5.8. The theoretical distribution obtained from 2-
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Figure 5.7: Normalised radial stress distribution along the circumference of the top 
plate rivet hole (single-lap, no clamping).
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Figure 5.8: Normalised radial stress distribution along the circumference of the bottom  
plate rivet hole (single-lap, no clamping).
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D analytical studies of a single plate with a pin-loaded hole (see Equation 5.1) and 
normalised by P  is also shown in these figures. There is generally agreement between 
the theoretical and the average FE results in terms of observed trends. However, in 
numerical terms the maximum discrepancy between the two results is approximately 
90% for the top plate. A better agreement (maximum difference of approximately 
25%) is observed for the bottom plate. The stresses at the locations of ±90° and 
270° are close to zero since, in the absence of a clamping force in the rivet, at these 
points, there are no radial (transverse) but only longitudinal stresses in the direction 
of loading. It can also been seen that the points of maximum stress are located at 
0 =  0° and 6 = 180 ° for the top and bottom plates, respectively. These are the points 
of maximum bearing stress due to the rivet bearing directly on the hole.
Figure 5.9 shows the distribution of the longitudinal stresses and SCF along the width 
of each plate from the edge of the hole (æ/2 w = 0 .1 ) up to the outer edge of the plate 
(æ/2w=0.5). Four sets of curves are obtained corresponding to the top and bottom 
surfaces of each plate. The results pertain to the case of no clamping force. The 
theoretical stress distribution obtained from the classical problem of a hole in an in­
finite plate (Timoshenko and Goodier, 1970) is also shown in the same figure. This 
distribution is given as
(T il =  P 1 +  0.51 - )  + 1 .5 ^ -
X J \ x
(5.8)
It can be seen that, at the interface of the two plates (bottom surface of top plate and 
top surface of bottom plate) the SCF are higher than the theoretical one. This is due 
to the secondary bending stresses that exist in the single-lap joint, which reach their 
highest level at the interface between the two plates, and due to the rivet bearing on 
the hole which tend to increase the SCF. On the other hand, the SCF are lower in the 
top surface of the top plate and the bottom surface of the bottom plate. This results 
from the compressive nature of the secondary bending stresses at these surfaces which 
lead to the overall reduction in the stresses. Furthermore, it can also be seen in Figure 
5.9 that the stresses decrease considerably away from the edge of the hole. Due to the 
compressive nature of the secondary bending stresses at the top surface of the top plate
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Figure 5.9: Longitudinal stress distribution along the plate width of a single-lap joint 
(no clamping).
and the bottom surface of the bottom plate, the stresses away from the hole on these 
surfaces become compressive.
Apart from the peak stress at the edge of the hole, the stress gradient at that point 
is also of importance since the fatigue behaviour of stress concentrations depends on 
it (Bellett et al., 2005). The gradient can be seen as an indication of the volume of 
highly stressed material near the notch (Schijve, 1980). A lower stress gradient implies 
a higher average stress acting over a small region near the notch and is more critical 
than the case of having a high stress gradient with an accompanying sharp drop in 
stress away from the notch. The effect of the stress gradient is also one of the reasons 
why the fatigue life of notched specimens is, in general, higher than the life predicted 
using a Kt -corrected plain material S-N curve, as was mentioned in Section 2 .1 .2 .
The relative stress gradient is defined as (Fuchs and Stephens, 1980)
X \^m ax /
(5.9)
5.2. Single-lap Joints 166
where a^ax is the peak stress at the edge of the hole (notch). Table 5.4 compares 
the relative stress gradients, %, estimated from the FE results at the edge of the hole 
(points A to D, Figure 5.3), with different values obtained from the literature. The 
value of Theocaris (1956) was obtained by an approximate numerical derivation of the 
stress distribution in a pin-loaded single plate and is given as
X  =  4.4 X  (—2/d) (5.10)
By using Equations 5.8 and 5.9, Fuchs and Stephens (1980) derived an expression for 
the relative stress gradient at the edge of the hole in a plate which is given as
% =  -2 .3 3 /r (5.11)
The relative stress gradient value of Schijve (2001) is obtained from the following ex­
pression, in terms of the SCF
X =  -  2 -f SC F
1 (5.12)
Lastly, Filippini (2000) obtained analytically relative stress gradient values for finite- 
width plates with a central hole. His value can be seen to be slightly higher than the
Table 5.4: Relative stress gradients at the edge of the hole for a single-lap joint (P=20 
MPa).
Top plate Bottom plate
A B C D
FE results (no clamping) -0 . 2 0 -0.16 -0.17 -0.24
Theocaris (1956) -0.44 -0.44 -0.44 -0.44
Fuchs and Stephens (1980) -0.23 -0.23 -0.23 -0.23
Schijve (2001) -0.28 -0 .2 2 -0 . 2 1 -0.24
Filippini (2000) -0.24 -0.24 -0.24 -0.24
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value in an infinite plate with a central hole given by Fuchs and Stephens (1980) and 
Schijve (2001).
It can be seen in Table 5.4 that the FE results agree well with the results given for the 
case of a plate with an empty hole with the maximum difference being in the order of 
50%. The lower FE results confirm the higher criticality of a rivet-loaded hole when 
compared to an empty hole. On the other hand, the results of Theocaris can be seen 
to be considerably higher than the FE results and this may be attributed to the simple 
nature of his 2-D model and the approximate derivation of the stress distribution.
5.3 Double-lap Joints
5.3.1 M od el D escrip tion
The FE model of the double-lap joint consists of two outer plates with a thickness of 
9.5 mm each, a middle plate with a thickness of 11.1 mm and a single rivet with a 
25.4 mm diameter. The dimensions of the lap joint, which were obtained from Carter 
(1952), are shown in Figure 5.10. The top and bottom plates are translationally fixed 
on their right end faces B1-B2 and C1-C2, respectively. These particular boundary 
conditions were obtained from Carter (1952) as well. The load is applied to the left 
face of the middle plate as a uniform pressure P. In this case, two different rivet 
clamping forces are considered, namely a very low clamping force of 1 MPa and a 
moderate clamping force of 100 MPa. A typical mesh of the double-lap joint, which 
consists of approximately 11600 elements and 45000 degrees of freedom, is shown in 
Figure 5.10. A typical deformed shape of the double-lap joint is shown in Figure 5.11.
5.3 .2  R esu lts  and D iscussion
As in the case of the single-lap joint, both longitudinal SCF at the edge of the hole 
in the direction of the applied load (points F to K in Figure 5.12) and bearing SCF 
due to bearing of the rivet on the plates (points F' to K' in Figure 5.12) are consid­
ered. Points G and H have the same coordinates but belong to the top and middle
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Figure 5.10: Finite element model and dimensions of riveted double-lap joint.
Figure 5.11: Deformed shape of riveted double-lap joint.
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Direction o f  loading
Figure 5.12: Locations where stress concentration factors are calculated for the double­
lap joint.
plates, respectively. Similarly, points 1 and J belong to the middle and bottom plates, 
respectively. The same holds for points G% F and Points and V  refer to their 
diametrically opposite counterparts since the rivet bears on the right side of the hole 
at the middle plate (see Figure 5.11). Longitudinal SCF at the edge of the hole are 
calculated by dividing the axial stress ( < t h )  by the applied stress P. Bearing SCF are 
calculated by dividing the bearing stress (<th) at the point of bearing by the average 
bearing stress Fa/td, where Fa is the force applied to the plate. It should be mentioned 
that for an applied force Fa on the middle plate, the resulting applied forces on the top 
and bottom plates are Faj2. However, the resulting far-held stresses on the top and 
bottom plates are not equal to P/2  due to the different thicknesses of the middle plate 
(11.1 mm) and the top and bottom plates (9.5 mm).
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L on gitu d in a l S tress  C on cen tra tion  F actors
Table 5.5 shows the longitudinal SCF at the edge of the hole at points F and G, H 
and I, J  and K (see Figure 5.12), for two different values of the rivet clamping force. 
A dash indicates the presence of a compressive stress at that point and for this reason, 
the stress concentration is not reported. In the same table, SCF obtained from the 
literature are also shown. These are the same theoretical models that were presented 
in Section 5.2.2 in the case of the single-lap joint.
As can be seen in Table 5.5, the SCF decrease with increasing clamping force. Fur­
thermore, the values are approximately symmetric (points F with K, G with J and H 
with I) due to the symmetric geometry of the double-lap joint. The highest values of 
SCF are obtained at the interface between the plates (points H and I in Figure 5.12). 
The factors obtained from the FE analyses are different from the theoretical ones given 
by Frocht & Hill, Theocaris and Peterson. This may be attributed to the fact that 
the above mentioned authors examined single plates only. Furthermore, with reference 
to the present study, the difference in the SCF between points F and G and between 
points J and K, observed in the case of a low clamping force, may be explained by the 
presence of low level secondary bending stresses in the top and bottom plates of the 
joint as evidenced in Figure 5.11. The higher values of the longitudinal SCF obtained 
for the case of the single-lap joint (Table 5.1) as compared to the factors obtained for 
the double-lap joint (Table 5.5) are due to the considerable secondary bending stresses.
Table 5.5: Longitudinal SCF at the edge of the hole for a double-lap joint (P=30 MPa).
Top plate Middle
plate
Bottom
plate
Frocht
and
Hill
(1940)
Theocaris
(1956)
Peterson
(1997)
^clamp F G H I J K
1 MPa 2.93 2.60 4.0 4.0 2.61 2.93 5.3 5.15 3.1
100 MPa - 2 . 0 0 2.33 2.33 2 . 0 0 - 5.3 5.15 3.1
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which exist in the former case. This has also been confirmed experimentally, where 
SCF in double-lap joints have been found to be generally lower (Carter, 1952).
Table 5.6 compares the FE SCF, assuming zero clamping force in the rivet, with the 
results reported by Shivakumar and Newman (1992) for pin loading (see Equation 5.2). 
Good overall agreement may be seen between the two sets of results with the maximum 
difference being 25% (top plate). The discrepancies between these results are smaller 
(approximately 2 0 %) in the case of the middle plate where secondary bending effects are 
almost entirely absent. The good agreement observed in Table 5.6 may be attributed 
to the absence of secondary bending in the double-lap joint.
Table 5.6: SCF due to pin loading for a double-lap joint (no clamping force, P=30 
MPa).
Location of stress concentration
Top plate Middle plate Bottom plate
F G H I J K
Kp (Equation 5.2) 1.08 1.08 1.07 1.07 1.08 1.08
FE 0.97 0 . 8 6 1.32 1.32 0 . 8 6 0.97
B earing  S tress C oncen tra tion  Factors
Table 5.7 shows the bearing SCF obtained from FE analyses of the double-lap joint for 
two different values of the rivet clamping force. A third case where a 0.5 mm clearance 
is assumed between the rivet shank and the hole is also presented in the same table 
together with a bearing SCF value obtained from the literature. The analytical model 
of Theocaris is the one presented in Section 5.2.2.
With reference to the present study, Table 5.7 indicates that bearing SCF decrease 
with increasing clamping force. Furthermore, the factors are generally smaller when 
compared to the bearing SCF obtained from the single-lap joint analysis (see Table 5.3) 
due to the absence of severe secondary bending stresses in the former case. The SCF 
value of 1.07 obtained at the middle plate from the FE analysis for a clamping force 
of 100 MPa, compares well with the factor given by Theocaris (1.10). This agreement
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Table 5.7: Bearing SCF for a double-lap joint (P=30 MPa).
Top plate Middle plate Bottom plate Theocaris
(1956)
^clamp F' G' H' V J' K'
1 MPa 0.97 1.16 1.47 1.47 1.16 0.97 1 . 1 0
100 MPa 1.64 0.71 1.07 1.07 0.71 1.62 1 . 1 0
100 MPa 
(clearance)
- 0.90 1.51 1.51 0.90 - 1 .1 0
results from the absence of secondary bending stresses in both the middle plate of the 
double-lap joint and the analytical model of Theocaris. By assuming a 0.5 mm clearance 
in the rivet hole, the values of the factors increase slightly, the highest increase being 
observed in the middle plate (from 1.07 to 1.51). However, comparison between Tables 
5.3 and 5.7 shows that the effect of clearance is considerably more pronounced in raising 
the bearing SCF in the case of single-lap joints.
S tress D is tr ib u tio n s
Figure 5.13 reports the bearing stress distribution on the plate hole for two different 
rivet clamping forces. The stresses are obtained along a line through the depth of the 
plates between points F^  and K' (see Figure 5.12). In this case, the rivet bears on 
the left side of the top and bottom plate holes and the right side of the middle plate 
hole. The depth of the plates along the vertical axis of the graph is not normalised, as 
in Figures 5.5 and 5.6, due to the different thicknesses of the individual plates in the 
double-lap joint. It can be clearly seen in Figure 5.13 that the bearing stresses generally 
decrease as the clamping force in the rivet increases. The general trend of the bearing 
stresses is in broad agreement with other studies on double-lap joints (McGuire, 1968; 
Kulak et al., 1987). It can also be seen that the bearing stress distribution is symmetric 
due to the symmetric nature of the FE model.
Figure 5.14 shows the bearing stress distribution on the rivet along the corresponding
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Figure 5.13: Bearing stress distribution in the plates of a double-lap joint (P =30 MPa).
line F -^K .^ It can be seen that the bearing stress distribution on the rivet is also 
symmetric. For a low clamping value, the bearing stresses become discontinuous at the 
interface of the plates. As mentioned in the case of the single-lap joint, this is due to 
the higher proportion of load being carried through shear of the rivet. By comparison, 
for a moderate clamping force (100 MPa), the bearing stresses in the rivet become 
continuous across the plate boundaries. Figure 5.14 also shows that, for a moderate 
clamping force, a considerable part of the externally applied load is carried by the 
middle part of the rivet. As a result, the stresses at the top and bottom parts of the 
rivet are quite low.
By comparing Figures 5.13 and 5.14 it can been seen that the bearing stresses on the 
plates and on the rivet are quite similar between points F^  and G^ , and V, 3' and K ,^ 
the endpoints F ,^ G ,^ H^ , F, and being excluded. By contrast, the stress values 
at the outer surfaces of the plate (points F' and K )^ are quite diflFerent to their rivet 
counterparts due to the stress singularity that is present at the location where the rivet 
shank intersects the rivet head.
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Figure 5.14: Bearing stress distribution in the rivet of a double-lap joint (P=30 MPa).
Figure 5.15 shows the radial stress distribution obtained along the circumference of the 
top plate hole (due to symmetry the stress distribution is similar at the top and bottom  
plates), while Figure 5.16 shows the stress distribution at the middle plate hole. The 
radial stresses in both figures are normalised with respect to P  and pertain to the case 
of no clamping force in the rivet. Normalised radial stress distributions are obtained 
along the circumference of the hole in the range 6 =  ±90 ° for the case of the top and 
bottom plates and in the range 6 =  90° to 0 =  270 ° for the case of the middle plate.
Three sets of curves are obtained, namely, at the top, bottom and mid-thickness of each 
plate. A fourth curve labelled FE(average) representing the average of these previous 
three curves is also plotted in Figures 5.15 and 5.16. The theoretical distribution (see 
Equation 5.1), also normalised by P , is also shown in these figures. As can be seen, 
there is generally good agreement between the trends of the theoretical and numerical 
stresses. Excluding the ends points {0 =  ± 9 0 ° , 6 =  270 °), the maximum discrepancies 
between the theoretical and FE( average) results are approximately 70% for the case of 
the top and bottom plates and 45% for the case of the middle plate. However, these
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Figure 5.15: Normalised radial stress distribution along the circumference of the 
top/bottom  plate rivet hole (double-lap, no clamping).
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Figure 5.16: Normalised radial stress distribution along the circumference of the middle
plate rivet hole (double-lap, no clamping).
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differences may be explained by the fact that the theoretical distribution pertains to a 
2-D geometry of a single plate with a pin-loaded hole. As in the case of the single-lap 
joint, the stresses at 0 =  ± 9 0 ° , 270° are close to zero due to the absence of the rivet 
clamping force.
Figure 5.17 shows the distribution of the longitudinal stresses along the width of each 
plate from the edge of the hole (æ/2w=0.165) up to the outer edge of the plate 
{x/2w=0.5). The FE results pertain to the case of no clamping force in the rivet. 
Due to the symmetric nature of the double-lap joint analysis, three sets of curves are 
obtained corresponding to the top and bottom surfaces of the top and bottom plates 
and both surfaces of the middle plate. The SCF at the edge of the hole for each curve 
as well as the theoretical distribution of Timoshenko and Goodier (1970) for an infinite 
plate with a hole are also shown in the figure. It can be seen in Figure 5.17 that, due to 
the absence of any significant severe secondary bending stresses, the SCF on different 
points at the edge of hole are quite similar to each other.
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Figure 5.17: Longitudinal stress distribution along the plate width of a double-lap joint 
(no clamping).
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Table 5.8 compares the relative stress gradients estimated from the FE results with 
values obtained from the literature, which were presented in Section 5.2.2. Comparing 
Tables 5.4 and 5.8, the stress gradients associated with the double-lap joint can be seen 
to be slightly lower than the gradients observed in the single-lap joint. Similar to the 
case of the single-lap joint, it can be seen in Table 5.8 that the FE results agree well 
with the theoretical ones with the exception of Theocaris’ results which are considerably 
higher. Excluding the results of Theocaris, the maximum observed difference is in the 
order of 50%.
Table 5.8: Stress gradients at the edge of the hole for a double-lap joint (P=30 MPa).
Top plate Middle plate Bottom plate
F G H I J K
FE results -0.14 -0.13 -0.14 -0.14 -0.13 -0.14
Theocaris (1956) -0.32 -0.32 -0.32 -0.32 -0.32 -0.32
Fuchs and Stephens (1980) -0.18 -0.18 -0.18 -0.18 -0.18 -0.18
Schijve (2001) -0.18 -0.19 -0.18 -0.18 -0.19 -0.18
Filippini (2000) -0.20 -0.20 -0.20 -0.20 -0.20 -0.20
5.4 Concluding Remarks
Results of the FE analyses of 3-D models for a single-lap and a double-lap, single-riveted 
joint were presented in this chapter. Longitudinal and bearing SCF in the connected 
plates and the rivets, for different values of rivet clamping force, were presented and, 
where appropriate, compared with values obtained from the literature. Differences as 
high as 75% between the SCF obtained for the single-lap joint and the ones reported in 
the literature were observed. These differences were predominantly due to the presence 
of secondary stresses in the FE single-lap joint model. These stresses were simply 
absent in the other studies, which were carried out on single plates. Better agreement 
was observed in the case of the double-lap joint due to the absence of these secondary 
stresses with differences in SCF being at most 35%. Increase in the clamping force was 
found to result in a general decrease in the stresses in the plates and the rivets with
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an accompanying decrease in stress concentrations. Stress gradients at the edge of the 
hole were also estimated from the FE results and were found to be in good agreement 
with theoretical results obtained from the literature. For the case of no clamping 
force, circumferencial stresses obtained around the plate hole were also compared with 
analytical results showing good agreement in the case of the single-lap joint with the 
maximum differences being approximately 30%. On the other hand, larger differences 
were observed in the case of the double-lap joint (as much as 60%). The presence of a 
small clearance between the rivet shank and the hole was found to increase considerably 
(120%) the bearing SCF of a single-lap joint. This increase was found to be smaller 
(40%) in the case of the double-lap joint.
Overall, the FE results obtained in this chapter showed good agreement with theoretical 
results obtained from the literature. These provide confidence in using the modelling 
techniques developed in this chapter as well as Chapter 3 for the development of a 
refined stringer-to-cross-girder connection model in the next chapter.
Chapter 6
Global-Local Fatigue Analysis
6.1 Introduction
The fatigue damage calculations presented in Chapters 3 and 4 were carried out on 
a global scale within the bridge. This was done in order to identify the most crit­
ical connections (S7-S5, S8-S6) under the passage of different trains without taking 
into account the precise geometric characteristics of the connections. However, fatigue 
cracks may develop at different locations in the connection such as holes, rivets and 
angle clips. These hot spots are by virtue of their local geometry stress raisers, which 
naturally promote fatigue crack growth. Identification of the most critical hot spot 
regions in the connection and their associated fatigue lives can assist bridge owners to 
develop effective inspection plans. In Chapter 5, stress gradients and stress concentra­
tion factors on hot spots around the rivet holes of lap joints, where fatigue cracking 
may be expected, were investigated. Depending on the location of these hot spots in 
a connection, the fatigue life may be considerably different (different S-N behaviour). 
The differences in S-N behaviour were shown in Chapter 4 to have a significant effect 
on the reliability of a connection. For this reason, a more detailed investigation of the 
connection is carried out in this chapter.
In this chapter, the global bridge model developed in Chapter 3, in which the connec­
tions were modelled by simply tying the bridge members together, is enhanced further 
at the location of one of the most highly-damaged connections (S8-S6) by modelling the
179
6.2. Finite Element Analysis of the Bridge 180
full connection geometry. Modelling techniques that were used in Chapter 5 for simple 
lap joints as a benchmark exercise are now used in this chapter for the development of 
the more refined bridge FE model, A typical freight train is traversed over the bridge 
and the most fatigue-critical locations of the connection are identified and ranked ac­
cording to their fatigue damage, which is calculated in terms of the Miner sum. The 
effect of the rivet clamping force and of different assumed damage scenarios, associated 
with the rivets, on the fatigue damage of the connection is investigated. Comparisons 
of fatigue damage estimates between the present refined bridge model and the previous 
global model are also presented. The rotational stiffness of the connection is estimated 
and compared with analytical models published in the literature. Finally, suggestions 
about possible inspection locations where fatigue cracking can be expected on this type 
of riveted connections are also given.
6.2 Finite Element Analysis of the Bridge
As mentioned in Chapter 2, work on analytical and experimental studies carried out 
on stringer-to-cross-girder connections hcis been published. The limited number of 
the analytical studies were in the form of FE analysis of an assembly consisting of 
a stringer and/or a cross-girder connected together with an angle clip and the rivets 
(Jones et al., 1997; Paasch and DePiero, 1999; Al-Emrani and Kliger, 2003). However, 
stress histories and quantitative results regarding the fatigue damage of the different 
parts of these connections (angles, holes, rivets), under realistic train loading, have not 
been published in the past. Results on the effect of different parameters such as the 
rivet clamping force and various rivet defects on fatigue damage have also not been 
reported in the literature.
6.2 .1  D escrip tion  o f th e  F in ite  E lem en t M od el
The global FE model of the riveted bridge presented in Chapter 3 consisted entirely 
of shell elements (Figures 3.4 and 3.3). The individual members (I-sections) were tied 
to each other at the locations of the connections, a condition which corresponds to
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fully fixed connections. Here, the entire S8-S6 connection geometry is incorporated 
into the previously mentioned global FE model. This refined FE model is shown in 
Figure 6.1 and will be referred to in the sequel as the global-local model. Connection 
S8-S6 is modelled by using brick elements. The entire global-local FE model consists 
of approximately 67000 brick elements and 20000 shell elements.
The stringer-to-cross-girder connection consists of four 76 x 76 x 12.6 mm angles, each 
riveted to the stringer and cross-girder webs using two and three 19 mm rivets, respec­
tively. A close-up view of the connection is depicted in Figure 6.2 together with the 
nomenclature that will be used for the remainder of this chapter. In addition to the 
connection angles and rivets, part of the cross-girder and the stringers are also modelled 
by using 8-noded brick elements with full integration. Contact between the individual 
parts of the connection (angle-to-stringer web, angle-to-cross-girder web, rivet-to-hole.
Local model using 
brick elements 
(Connection S8-S6)
Giobal 
model 
using o  
shell
elements
Figure 6.1: Global-local FE model of the riveted bridge.
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Connection angle
Figure 6.2: Close-up view of the global-local FE model at the stringer-to-cross-girder 
connection location and rivet-hole nomenclature.
stringer-to-cross-girder) is modelled using contact pairs and the master-slave algorithm 
of ABAQUS (2003). Modelling techniques that were used in Chapter 5 (see Section 
5.1) are also applied for the global-local model. In addition to these, a shell-to-solid 
interface is used in the global-local FE model for the transition from the 8-noded shell 
elements away from the connection to the 8-noded brick elements. As in the case of 
the global FE model (Chapter 3), a Young’s Modulus of 200 GPa, Poisson’s ratio of 
0.3 and elastic behaviour is assumed for the FE analyses.
The bridge is loaded with the BS5400 (1980) train No 7 which has a maximum axle 
load of 25 t. The train is traversed in 1 m steps over one track of the bridge (left 
track in Figure 6.1 in the -1 direction) up to the point of loading repetition, which 
is caused by the passage of the same wagons. The axle loads are applied directly to
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the top flange of the stringers neglecting any load spread due to the rails and sleepers. 
The self-weight of the bridge members and the superimposed dead load due to the 
sleepers and rails are also taken into account in the global-local FE model. The loads 
are applied quasi-statically and dynamic amplification is not considered.
The Miner sum is calculated for the single passage of train No 7 in the same way that 
was presented in Section 3.2.5. However, here, a different wrought-iron related S-N 
curve is used for damage calculations (Wl-plain). This detail class is recommended 
by the UK railway assessment code for plain wrought-iron material (Railtrack, 2001). 
The design S-N curve for Wl-plain is shown in Figure 6.3 together with the design S-N 
curves considered in Chapters 3 and 4. The Wl-plain S-N curve is used in conjunction 
with the principal stresses obtained at the connection hot spots as recommended by 
BS5400 (1980).
1000
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 Class D - Class Wl-rivet Modified Ciass B -Class Wl-plain
Figure 6.3: Design S-N curves for two BS5400 (1980) fatigue classes and the two WI 
classes (Railtrack, 2001).
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6.2.2 D am age Scenarios
In addition to different rivet clamping forces (50 MPa, 100 MPa, 150 MPa and 200 
MPa), different damage scenarios are also considered. These damage scenarios are 
associated with various rivet defects, which may originate from fabrication or may be 
caused by corrosion throughout the service life. The values of the clamping forces in the 
rivets (assumed to be the same in all the rivets) are in broad agreement with the values 
reported by Akesson (1994) (110-189 MPa) and Zhou et al. (1995) (34-165 MPa).
On the other hand, the assumed damage scenarios are all considered with respect to 
rivet 1 (see Figure 6.2). This choice was made on the basis of field observations, which 
have shown that fatigue damage in stringer-to-cross-girder connections is more likely to 
occur in either the top or the bottom rivets (Al-Emrani, 1999). The damage scenarios, 
which are investigated here are:
• Loss of clamping force in rivet 1
• Loss of entire rivet 1
• Smaller rivet 1 head
• Offset rivet 1 head
• Clearance between rivet 1 and corresponding hole
Loss of clamping force in a rivet may be gradual over a number of years. Vibrations and 
continuous loading of the bridge as well as fretting between the connected components 
may result in the relaxation of the rivet with an accompanying partial loss of the 
clamping force. Furthermore, tensile overloads in the rivets may also cause local yielding 
in the rivet head-to-shank junction leading to a partial or even complete loss of clamping 
force.
The complete loss of a rivet, which is here modelled by simply removing the rivet from 
the FE model (Figure 6.4), may result from fatigue failure of the rivet.
A small rivet head may be caused by poor pressing during the riveting process. In
such circumstances, the press does not apply the correct amount of pressure for the
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Figure 6.4: Damage scenario associated with complete rivet loss.
formation of a normal-sized rivet head. On the other hand, a rivet head can also become 
smaller due to material loss caused by corrosion. This damage scenario is depicted in 
Figure 6.5. For the purposes of the present study, a smaller rivet head of 12 mm radius, 
as compared with the 16 mm radius of the original rivet head, is assumed for rivet 1.
Rivet head offset may result from eccentric punching during assembly of the connection. 
Such rivet misalignments have been reported in the literature (Xie et al., 2001; Al- 
Emrani, 2002). In the present study, a 3 mm eccentricity of the rivet 1 head was 
assumed as shown in Figure 6.6.
Clearances between rivet shanks and rivet holes have been observed in the past (Baron 
and Larson, 1953; Vasishth, 1960). During the riveting process, the diameter of the hole 
was usually drilled approximately 1 to 2 mm larger than the rivet shank diameter. The 
rivet head was formed through forging using a pneumatic hammer or press (Kulak et al., 
1987). As the rivet head was formed, the shank of the rivet expanded laterally resulting 
in an increase of its diameter. Ideally, the rivet material fiUed the hole. However, in
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Figure 6.5: Damage scenario associated with a smaller than normal rivet head.
Figure 6.6: Damage scenario associated with rivet head offset.
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some cases, due to insufficient heating and/or punching, a clearance between the rivet 
and the hole may remain especially for rivets with longer shanks. Additionally, a certain 
degree of clearance may also come about through material loss from corrosion of the 
rivet shank. Here, the case of a 0.5 mm clearance between rivet 1 and its corresponding 
hole is examined.
6.3 Results and Discussion
In this section, results are presented in terms of the stresses developed within the 
connection angles and the rivets. Estimates of the rotational stiffness of the connection 
are also presented. Following this presentation, fatigue damage results at different hot 
spot locations of the connection are reported as well as the fatigue ranking of these 
locations. The effect of rivet clamping force and different damage scenarios on fatigue 
damage is quantified.
6.3 .1  G eneral C onn ection  B ehaviour
The passage of the train over the bridge subjects the stringer-to-cross-girder connection 
to an out-of-plane deflection. This deflection, Ul, of the connection angle, relative to 
the cross-girder web, is shown in Figure 6.7 for four different rivet clamping force values. 
The deflected shapes are obtained at the same load step during which, the 25 t axles 
of the train are located at midspan in front of the connection. These deflections are 
reported at the back corner of the angle where the two legs meet as shown in the inset 
of Figure 6.7. As can be seen in the figure, deflections throughout the depth of the 
angle are very small (< 1 mm). As expected, the angle deflections decrease with an 
increase in the rivet clamping force. For normal or high clamping force values (> 100 
MPa), the actual value of the rivet clamping force has a small effect on the deflection 
of the angle. This is not the case when the clamping force is less than 100 MPa, where 
large differences may be observed between (Tciamp=l~^  ^MPa and cTc/amp=50 MPa. This 
may be attributed to the relation between the externally applied loading and the initial 
clamping force of the rivets. For large clamping forces, the applied loads are primarily
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Figure 6.7: Deflection Ul of connection angle relative to cross-girder web.
taken as a reduction in the contact pressure between the connected parts and the forces 
in the rivets are only slightly affected (Piraprez, 1993). In the case of low clamping 
forces, reduction in contact pressure is followed by separation of the connected parts 
with an accompanying elongation of the rivets. As a result of this rivet elongation the 
deflection of the angle is considerably higher for low clamping forces when compared 
with the case of high clamping forces.
The out-of-plane deformation of the connection angle depicted in Figure 6.7 results 
in both axial (cru) and bending stresses (<7 3 3) in the angle fillet. The axial stress 
distribution (cru) at the fillet edge on the leg of the angle connected to the stringer 
web is presented in Figure 6 .8  for the same load step with Figure 6.7. The results are 
shown for four different rivet clamping forces (50 MPa to 200 MPa, labelled as C50 to 
C2 0 0 ). It can be seen in the figure that, for this particular load step, the top part of the 
connection angle is subjected to tensile stresses whereas the bottom part experiences 
compression. The larger axial stresses, cth, are concentrated at the locally stiffer level 
along the first rivet line of the angle leg connected to the cross-girder web. This is due
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Figure 6.8: Axial stress (cru) distribution along the angle fillet for different clamping 
forces.
to the higher restraint along this rivet line caused by the clamping force in the rivet, 
which attracts a larger portion of the stresses. As can be seen in Figure 6 .8 , the value 
of the clamping force has a small effect on the axial stresses along the angle fillet wdth 
relatively small differences being observed between the two extremes (50 MPa and 2 0 0  
MPa).
Figure 6.9 shows the bending stress distributions along the edge of the fillet on the 
leg of the angle connected to the cross-girder web. The different curves pertain to the 
same load step and to four different rivet clamping forces. It can be seen in the figure 
that the largest bending stresses, <73 3 , are concentrated on the top part of the angle 
close to the first rivet line of the angle leg connected to the stringer web. The level of 
clamping force is found to have a small effect on the bending stresses along the angle 
fillet, which is in agreement with the FE results of Al-Emrani and Kliger (2003). Since 
the bending stresses are associated with the out-of-plane deformation of the angle and 
since a lower rivet clamping force is accompanied by higher defiections (see Figure 6.7), 
it can be seen in Figure 6.9 that the highest bending stresses at the top part of the
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Figure 6.9: Bending stress (eras) distribution along the angle fillet for different clamping 
forces.
angle are observed in the case of the lowest clamping force (50 MPa).
The bending stress profile (<733) through the thickness of the leg of the angle connected 
to the cross-girder web and at the level of the first rivet line (see Figure 6 .8 ) is shown 
in Figures 6 . 1 0  to 6 . 1 2  for three different paths. The results are shown for the case 
of four rivet clamping forces (50 MPa to 200 MPa), labelled as C50 to C2 0 0  in the 
figures. Path 1 (Figure 6 .1 0 ) is situated at the location where the rivet head edge 
meets the connection angle (point PI). Path 2  (Figure 6 .1 1 ) is located at the edge of 
the angle fillet (point P3) whereas path 3 (Figure 6 .1 2 ) is located at the top angle hole, 
starting from under the rivet head (point P5). It can be seen in Figures 6 . 1 0  and 6 . 1 2  
that the bending stresses at points P I and P5 are compressive since they are located 
directly below the rivet head and are under the effect of the rivet clamping force. On 
the other hand, the FE analyses show that the bending stress at the angle fillet (point 
P3 in Figure 6 .1 1 ) is predominantly tensile and of alternating nature under the passage 
of trains. Indeed, this location has been identified as being fatigue-critical and, over 
the years, cracks starting from this region have been found in stringer-to-cross-girder
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Figure 6.10: Bending stress profile through the angle thickness along path 1 for different 
rivet clamping forces.
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Figure 6.11: Bending stress profile through the angle thickness along path 2 for different 
rivet clamping forces.
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Figure 6.12: Bending stress profile through the angle thickness along path 3 for different 
rivet clamping forces.
connections (Fisher et al., 1987; Al-Emrani, 1999). Cracks are also likely to originate 
from the rivet hole on the side of the connection angle which is in contact with the 
cross-girder web (point P6 for example) where the bending stresses are of tensile nature 
as well.
The results of Figures 6.10 and 6.11 indicate that the leg of the angle behaves as a beam 
which is partially fixed at sections P1-P2 and P3-P4. The fixed end model proposed by 
Wilson and Coombe (1939) and presented in Section 2.2.2 was found to significantly 
overestimate the bending stresses in the angle when compared with the present FE 
results. Furthermore, the rivet clamping force does not have a significant effect on 
the bending stress distribution for paths 2 and 3 (see Figures 6.11 and 6.12). Similar 
observations on the insensitivity of the bonding stresses to the rivet clamping force 
(with the exception of Path 1) were also reported by Al-Emrani and Kliger (2003) in a 
stringer-to-cross-girder connection with a different geometry.
The alternating nature of the tensile bending stresses at points P3 (fillet) and P6 (hole) 
are shown in Figures 6.13 and 6.14, respectively, for different rivet clamping forces. The
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stress histories are shown up to the point of repetition due to the passage of similar 
train wagons. It can be seen that the rivet clamping force has a more pronounced effect 
on the stress history of point P 6  (angle hole) than it has on the stress history at point 
P3 (angle fillet). In Figure 6.14, although a higher clamping force results in higher 
stresses in general, the associated stress ranges are considerably reduced.
The out-of-plane flexure of the angle leg connected to the cross-girder web also causes 
axial and bending stresses in the rivets. The highest stress concentrations are expected 
at the rivet head-to-shank junction. Cracks originating from this point and resulting in 
complete fracture of the rivet head have been observed in the past (Al-Emrani, 1999; 
Xie et al., 2001). The history of the principal stress at the shank-head junction of 
rivet 3 and for two values of rivet clamping force (100 MPa and 200 MPa) is shown in 
Figure 6.15 for the passage of the entire train. The positive effect of a higher clamping 
force in reducing stress ranges may be seen in Figure 6.15. However, the fact that the 
stress range is reduced does not necessarily imply a fatigue life improvement. As was 
mentioned in Chapter 2, the fatigue life is reduced by an increase in the stress ratio
I
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Figure 6.13: Effect of clamping on the bending stress history (<7 3 3) at point P3 (see 
Figure 6.11).
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Figure 6.14: Effect of clamping on the bending stress history (<7 3 3 ) at point P 6  (see 
Figure 6.12).
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Figure 6.15: Effect of clamping on the principal stress history at the shank-head junc­
tion of rivet 3.
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R. In Figure 6.15, the most frequent and damaging principal stress range in the case 
of a 200 MPa clamping force (113 MPa) is found to be approximately 40% lower than 
the most damaging principal stress range associated with the 100 MPa clamping force 
case (157 MPa). However, the former case is associated with a higher stress ratio {R ~  
0.66) than the latter {R ~  0.33). Most of the full-scale fatigue tests on riveted members 
and connections that were presented in Chapter 2 were carried out under stress ratios 
ranging between 0 and 0.5. No correlation could be observed between the fatigue lives 
of the members and connections and the stress ratio under which they were tested. 
It should also be reminded that the effect of the stress ratio on fatigue lives is not 
considered in this thesis.
6 .3 .2  C on n ection  R ota tion a l Stiffness
As was mentioned in Section 2.3, a number of analytical models have been developed 
over the years to estimate the behaviour of riveted or bolted connections. However, most 
of these models have been developed for beam-to-column connections, the behaviour 
of which differs, to a certain extent, to that of stringer-to-cross-girder connections. 
In beam-to-column strong axis connections, for example, the column flange to which 
the beam is connected is certainly more rigid. By contrast, in the case of stringer- 
to-cross-girder connections, the cross-girder web to which the stringer is connected is 
more flexible thus affecting the overall rotation of the connection. Here, comparisons 
are made between the FE connection rotational stiffness and their analytically derived 
counterparts.
For the specific purpose of estimating the rotational stiffness of the stringer-to-cross- 
girder connection, an FE model of a cross-girder with a stringer connected on each 
side of its web was developed. This model is shown in Figure 6.16. The geometric 
characteristics, both local and global are the same as the ones used for the global-local 
model, the only difference being that the former represents only part of the entire 
bridge. For this reason, the dimensions shown in the figure were chosen according 
to the bridge dimensions in the vicinity of connection S8-S6. The two ends of the 
cross-girder and the end of one stringer are modelled as fixed. The remaining stringer
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Figure 6.16: FE model for the estimation of the rotational stiffness of the stringer-to- 
cross-girder connection.
is modelled as a cantilever. A point load F  is applied to one of the stringers at an 
arbitrary distance from the connection as shown in Figure 6.16 and is increased in 
steps in order to investigate the moment-rotation behaviour of the connection.
The moment-rotation behaviour of the connection is shown in Figure 6.17 for different 
values of the rivet clamping force (50-200 MPa). In the inset of Figure 6.17 it can be seen 
that the cross-girder web is flexible and rotates along with the stringer. The rotation 
value reported in the figure is the relative rotation of the stringer with respect to the 
cross-girder, as shown in the inset. This relative rotation is calculated by subtracting 
the rotation of the cross-girder web from the stringer rotation. It can be seen in Figure 
6.17 that the initial slopes of the moment-rotation curves (up to approximately 0.001 
rad) are slightly higher than the slopes of the remaining part of the curves. This may 
be attributed to the effect of friction which is taken into account in the FE model 
between the different components. The rotational stiffness of the connection, which is 
the slope of the lines in Figure 6.17, is only marginally affected by the rivet clamping 
force. This was also observed by Al-Emrani and Kliger (2003) through FE analyses of
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Figure 6.17: Moment-rotation behaviour of stringer-to-cross-girder connection, 
a stringer-to-cross-girder connection.
The rotation of the cross-girder web can be estimated analytically by assuming that 
a torsional moment equal to the bending moment produced by the point load F  is 
applied to the cross-girder at the location of the connection. The cross-girder rotation 
will be given by (Gere and Timoshenko, 1999)
(pc =
T L a L b
G IF (6 .1)
where T  is the applied torsional moment (= F x  1.34m),Lyi—2.5m, LjB=1.0m, T—3.5m, 
G is the Shear Modulus of the material (—80 GPa) and Ip is the polar moment of 
inertia of the cross-girder. By calculating an average rotation along the depth of the 
cross-girder web in the FE model, good agreement is obtained between the FE and the 
analytical results with the difference being in the order of 40%.
Table 6.1 presents the rotational stiffness of the stringer-to-cross-girder connection, 
estimated by using published analytical models and compares these values with the 
stiffness obtained from the FE model of Figure 6.16. In the table, the stiffnesses for the
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Table 6.1: Comparison of rotational stiffness of stringer-to-cross-girder connection ob­
tained from the FE model with various analytical models.
Source R o ta tio n a l Stiffness {kN - m/rad)
Lot hers (1951) 5.50 X 10^
Azizinamini et al. (1987) 4.35 X 10^
Kishi and Chen (1990) 2.86 X 10^
Al-Emrani (1999) 1.00 X 10^
Shen and Astaneh (2000) (normal clamping) 6.04 X 1Q2
Shen and Astaneh (2000) (high clamping) 5.61 X 10^
Boeder et al. (2001) 1.42 X 10^
Lee and Moon (2002) (normal clamping) 1.87 X 10^
Lee and Moon (2002) (high clamping) 2.43 X 10^
Lemonis and Gantes (2005) 1.36 X 102
FE (Clamping force =  50 MPa) 1.92 X 10^
FE (Clamping force =  200 MPa) 2.02 X 10^
two extreme cases of having 50 MPa and 200 MPa rivet clamping force are reported. 
The analytical models were discussed in Section 2.3 and are also presented in detail in 
Appendix B.
Large differences between the different estimates may be observed in Table 6.1, some 
of which are several orders of magnitude. The results predicted by the present FE 
model, irrespective of rivet clamping, can be seen to lie between the two extreme cases 
of Lemonis and Gantes (2005) and Kishi and Chen (1990). Notwithstanding the large 
variability in the estimates shown in Table 6.1, the present FE results appear to be in 
good agreement with the estimates of the Lot hers (1951) and Azizinamini et al. (1987) 
models.
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6 .3 .3  H o t S p o t L o ca tio n s
Figures 6.18 and 6.19 depict the principal stress contours for the connection angle and 
for the rivets respectively at a particular load step for an assumed clamping force of 
100 MPa. The positions of the highly stressed regions vary with time as the train is 
traversed over the bridge. For example, during one load step, the most highly stressed 
region may be at the top part of the connection angle. However, at a subsequent load 
step, the most highly stressed region may shift to the middle or the bottom part of the 
connection angle. Fatigue damage is here calculated, for a single train passage, using 
principal stress histories according to
D ^ D '  + D” (6 .2)
where
S , m x .  P r i n c i p a l  
(A ve. C r i t . :  75%) 
+ 1 .400e+ 02
Figure 6.18: Principal stress contours for the connection angle shown from different 
perspectives {(Tciamp=l-^  ^MPa).
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3 ,  Max. P r i n c i p a l  
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Figure 6.19: Principal stress contours for two rivets (<Tc(amp=100 MPa) connecting (a) 
the angle to the cross-girder web and (a) the angle to the stringer web.
i=l
Uj /  (Aap)i
10^  V Actq
m /(Ao-p),
10? \  A(7q
m + 2 -
if (Aap)i > Aao
if (A(Tp)i < A cto
(6.3)
(6.4)
In Equations 6.3 and 6.4, k is the number of different stress ranges from the train, 
{Aap)i is the principal stress range from the passage of the train (without considering 
dynamic amplification), ui is the number of applied stress ranges (Acrp)^  and Ao-q is 
the fatigue limit of the detail class considered (Class Wl-plain). This is done for most 
points of the highly-stressed regions shown in Figures 6.18 and 6.19. Based on these 
calculations, the most fatigue-critical hot spots are identified and arc shown in Figure 
6.20. It has to be mentioned that the hot spots depicted in Figure 6.20 have been 
identified in relation to the different clamping forces and damage scenarios considered 
in Section 6.2.2. With reference to Figure 6.20, points A are located along the angle 
fillet, points B and C are along the circumference of the rivet holes on the surface of the
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Figure 6.20: Hot spot locations at different parts of the stringer-to-cross-girder connec­
tion.
angle which is in contact with the cross-girder and the stringer webs, respectively, and 
points D and E are located at the rivet head-to-shank intersection. Points D correspond 
to the rivets connecting the angle to the cross-girder web whereas points E correspond 
to the rivets connecting the angle to the stringer web. The fatigue damage estimates 
obtained at these hot spots are presented in the next section.
6.3 .4  Fatigue D am age under D ifferent Scenarios
In this section, fatigue damage results for different parts of the stringer-to-cross-girder 
connection (holes, rivets, angle fillet) and different rivet clamping forces are presented. 
The effect of assumed damage scenarios, which were discussed in Section 6.2.2, on 
fatigue damage is also examined. The fatigue damage is calculated by converting 
principal stress histories into stress ranges (rainfiow counting) and calculating the Miner 
sum for the single passage of the BS5400 train No 7 using Equations 6.2 to 6.4. This
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procedure was applied to all the hot spots of the connection shown in Figure 6.20. 
Effect o f R ivet C lam ping Force on Fatigue D am age
The fatigue damage of the different hot spots of the connection is shown in Figure 6 .2 1  
for a rivet clamping force that ranges from 50 MPa to 2 0 0  MPa. In the same figure, 
the points where the fatigue damage is reported (with reference to Figure 6 .2 0 ) are 
also indicated. It can be seen that with the exception of the angle fillet location (point 
A l), a higher rivet clamping force results in lower fatigue damage. For point Al, the 
damage slightly increases by an increase in the clamping force. Figure 6.21 shows the 
beneficial effect that a high clamping force has in delaying or even preventing fatigue 
crack initiation at holes and rivets. With the exception of <Tciomp=200 MPa case, the 
angle holes 4 and 5 on the stringer side are found to be the most highly damaged 
regions of the stringer-to-cross-girder connection. The higher damage observed at the 
angle holes on the stringer side (holes 4-5), as compared to the damage of the angle 
holes on the cross-girder side (holes 1-3), can be attributed to the lower number of
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Figure 6.21: Effect of rivet clamping force on connection damage.
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rivets used on one side. A higher number of rivets on the stringer side would possibly 
result in lower forces being carried by each rivet and hence lower fatigue damage. The 
rivets can be seen to be the least damaged components of the connection.
On average, the decrease in fatigue damage, which is associated with the increase in the 
clamping force, is higher for the angle holes than the rivets. For example, an increase 
in the clamping force from 50 MPa to 200 MPa results in a decrease in the fatigue 
damage of the angle holes by a factor ranging between 3 and 50. On the other hand, 
the fatigue damage in the rivets is found to decrease by a factor that ranges between 2  
and 7.
It can also be seen in Figure 6.21 that as the rivet clamping force is increased, leading 
to an overall decrease in the fatigue damage of the connection, the angle fillet moves 
higher in damage ranking. For a clamping force of 200 MPa, the angle fillet becomes 
more highly damaged than hole 4 moving to second in rank.
The results presented in Figure 6.21 suggest that inspections for fatigue damage should 
concentrate on the angle holes and, primarily, on the holes on the leg of the angle 
connected to the stringer. In the case where it can be verified that the rivets have a 
high clamping force (>200 MPa), the angle fillet should also be inspected, since fatigue 
cracking may also initiate at that region.
Fatigue Damage Patterns
Figure 6.22(a) shows the side of the angle leg, which is in contact with the cross­
girder web, together with the hot spots at the angle holes identified in the previous 
section. Also shown in Figure 6 .2 2 (b), are vector plots of the maximum principal stress 
indicating its direction, for a particular load step and assuming a 100 MPa clamping 
force. Finally, Figure 6.22(c) depicts possible crack initiation patterns at the region 
near each hot spot. The direction of the maximum principal stress at each of the hot 
spots was found to rotate as the train was traversed over the bridge, but not by a 
considerable amount (maximum of 30°). The directions indicated in Figure 6.22(b) 
may, therefore, be thought of representing an average principal stress direction for a 
train passage.
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Figure 6.22: Cross-girder side of connection angle (<Tciamp=100 MPa) (a) Fatigue crack 
initiation hot spots on holes (b) Vector plot of maximum principal stresses (c) Possible 
crack initiation patterns.
It can be seen in Figure 6 .2 2 (b) that the maximum principal stresses act along an 
average direction which is approximately normal to the hole radius passing through the 
hot spot. A crack is expected to initiate at the hot spot and propagate in a direction 
normal to the maximum principal stress. As soon as a crack is initiated, the stress 
state at the crack tip changes completely. A large proportion of the crack-driving force 
is due to the bearing of the rivet on the hole. Furthermore, the rivet is subjected to 
the vertical shear V and horizontal shear H  shown in Figure 6.23(b), the latter being 
associated with the eccentricity Cx shown in Figure 6.23(a). Comparison of Figures 6 .2 2  
and 6.23 shows that the crack initiation patterns estimated by the present FE analyses 
are similar to the ones observed in the field (Al-Emrani, 1999).
Figure 6.24(a) shows the hot spots at the angle holes on the side of the angle leg which 
is in contact with the stringer web, assuming a rivet clamping force of 100 MPa. Vector 
plots of the maximum principal stress at these hot spots are shown in Figure 6.24(b),
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C onnection  an g le s
S trin g e r w eb
( b )
Figure 6.23: (a) Typical fatigue cracks detected in stringer-to-cross-girder connections 
(b) Rivet bearing forces in the angle hole and typical fatigue crack growth pattern 
(Al-Emrani, 1999)
Figure 6.24: Stringer side of connection angle {(Tciamp=l^  ^ MPa) (a) Fatigue crack 
initiation hot spots on holes (b) Vector plot of maximum principal stresses (c) Possible 
crack initiation patterns.
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for a particular load step, while Figure 6.24(c) depicts possible crack initiation patterns. 
Similar to the previous case of the cross-girder side of the connection angle, the direction 
of the maximum principal stress was found to rotate as the train was traversed over 
the bridge by a maximum amount of 30°. It can be seen in the figure that the crack 
initiation patterns are very similar to the patterns of Figure 6.22. The only difference 
is that in this case, cracks are expected to initiate and propagate from the bottom 
part of the holes (points Cl and C3) whereas on the leg of the angle connected to the 
cross-girder web, cracks were found to initiate at the top part of the holes (points B2, 
B5 and B6 ). This may be attributed to the different regions around the hole where the 
rivet bears in each of the cases.
Figure 6.25(a) shows the hot spot at the angle fillet, assuming a 100 MPa clamping 
force. Also shown in Figure 6.25(b) are vector plots of the maximum principal stress 
at the hot spot for a particular load step. Finally, Figure 6.25(c) depicts a possible 
crack initiation pattern at the fillet region. The direction of the maximum principal 
stress at the fillet hot spot was also found to rotate as the train was traversed over 
the bridge, by a maximum amount of approximately 35°. It can be seen in Figure 
6.25(c) that the expected direction for crack initiation in this region is not vertical but 
instead has a small inclination. The FE-predicted direction is in broad agreement with 
the crack initiation patterns observed during full-scale tests of stringer-to-cross-girder 
connections carried out by Al-Emrani (2002).
The region of the hot spot on rivet 1 is shown in Figure 6.26(a). Figure 6.26(b) shows 
vector plots of the maximum principal stress at the hot spot, for a particular load 
step, while Figure 6.26(c) depicts a possible crack initiation pattern at the rivet. The 
direction of the maximum principal stress was found to rotate slightly (by a maximum 
amount of 20°) as the train was traversed over the bridge. It can be seen in Figure 
Figure 6.26(c) that the expected crack initiation direction is slightly inclined. This type 
of damage pattern was predicted by the FE analyses for all the rivets of the connection.
It should be noted that the damage patterns presented in Figures 6.22 and 6.24 to 6.26 
are an indication of the crack initiation phase only. These crack orientations would 
most certainly change as the length of the crack increases. The present model is not
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Figure 6.25: (a) Fatigue crack initiation hot spot on angle fillet (<JcZamp=100 MPa) (b) 
Vector plot of maximum principal stress (b) Possible crack initiation pattern.
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Figure 6.26: (a) Fatigue crack initiation hot spot on rivet 1 {crdamp—l^^ MPa) (b) 
Vector plot of maximum principal stresses (c) Possible crack initiation pattern.
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able to capture these propagation paths which can be predicted by including cracks in 
the FE model and using Fracture Mechanics FE techniques. This type of investigation 
may also show whether possible cracking in stringer-to-cross-girder connections can 
lead to complete failure of the connection or will eventually self-arrest. Very few cases 
of complete failure of stringer-to-cross-girder connections have been reported in the 
literature (Al-Emrani, 1999). In general, fatigue cracking in these types of connections 
will lead to a decrease in the rotational stiffness of the connection. Furthermore, it 
would also result in a redistribution of stresses in the connection resulting in higher 
forces being carried by the uncracked angles and rivets which could eventually lead to 
fatigue cracking in them as well.
Loss of Clamping Force and Loss of Rivet
The fatigue damage resulting from the loss of clamping force in rivet 1 and the loss of 
the entire rivet 1 is reported in Figure 6.27. A 100 MPa clamping force is assumed in all 
the remaining rivets. By way of comparison, results for the case of having no damage 
and a 100 MPa clamping force in all rivets are also presented in the same figure.
As can be seen in Figure 6.27, the effect of the loss of clamping force in rivet 1 is to 
increase, in some cases, the fatigue damage in the connection. The highest increase in 
fatigue damage is observed around the region where the loss of clamping force takes 
place (hole 1 and rivet 1). Hole 1 moves to second in rank. However, in general, it can 
be said that loss of clamping force does not considerably affect the fatigue damage in 
the connection.
Figure 6.27 shows that loss of rivet 1 leads to an increase in fatigue damage in most 
parts of the connection, excluding hole 4 and rivet 5. The increase in fatigue damage 
is found to range, depending on the location, between 20% and 240%. Since rivet 1 is 
removed from the FE model in this scenario, its fatigue damage is not shown in the 
figure. It can also be seen that the fatigue damage of the hole from which the rivet is 
lost (hole 1) reduces to almost negligible levels. This can be attributed to the absence 
of bearing of the rivet on the hole. As discussed in Chapter 2 and verified in Chapter 5, 
bearing of a rivet on a hole is a major reason leading to stress concentrations at holes
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Figure 6,27: Effect of loss of clamping force in rivet 1 and loss of rivet 1 on connection 
damage.
in riveted connections.
Comparison of the two damage scenarios shows that that loss of clamping force is not 
as detrimental as the loss of rivet. Although, in general, holes 4 and 5 are the most 
damaged, loss of the rivet shifts, due to redistribution, the critical damage to the other 
leg resulting in hole 2 being the most critical. The rivets can be seen to remain the 
least damaged components of the connection for both scenarios.
The results presented in Figure 6.27 suggest that if a rivet loss is detected in a riveted 
connection, inspection of all angle holes on both legs of the angle should be carried out. 
The corresponding hole of the lost rivet need not be inspected since its damage reduces 
to negligible levels. In the case of loss of clamping force in a rivet, in addition to the 
angle holes on the stringer leg of the angle, the corresponding hole of the damaged rivet 
should also be inspected. Additional FE analyses of the global-local model assuming 
these damage scenarios for the remaining rivets other than rivet 1 would aid in verifying 
the general applicability of these inspection suggestions.
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Rivet D efects
The effect of various rivet defects, associated with fabrication errors, on the fatigue 
damage of the connection is presented in this section. As was mentioned previously, 
these defects include a smaller rivet head than normal, accidental rivet head offset and 
presence of clearance between the rivet shank and the hole. All these cases are here 
considered assuming a clamping force of 100 MPa in all the rivets. The fatigue damage 
of the connection resulting from these damage scenario is shown in Figure 6.28. By 
way of comparison, damage results for the case of not having any defects and a 1 0 0  
MPa clamping force in all the rivets are also presented in the same figure.
A 0.5 mm clearance between rivet 1 and hole 1 is found to reduce considerably the 
damage of rivet 1. Furthermore, the damage of hole 1  is marginally reduced, while 
damage in the remaining holes of the same leg (holes 2 and 3) is increased considerably. 
The rivets can be seen to be the least damaged components of the connection.
Figure 6.28 shows that a 4 mm reduction in the head diameter of rivet 1 (see Figure
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Figure 6.28: Effect of rivet 1 defects on connection damage ((TdoTnp l^GO MPa).
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6.5) results, for the majority of locations, in a small overall reduction in damage (up to 
40%). This reduction in the rivet head size results in an increase in the fatigue damage 
of the rivet itself rather than the rivet hole.
Finally, the scenario of the offset of the rivet 1 head by 3 mm towards the side of the 
angle edge (see Figure 6 .6 ) is found to result in an increase in the fatigue damage of 
the rivet itself by over 50%. This is accompanied by an increase in the damage of hole 
1 by about 20%. The changes in fatigue damage are by and large small and again the 
rivets remain the least damaged parts of the connection.
The results of Figure 6.28 suggest that if rivet-hole clearance is detected in a riveted 
connection, the hole adjacent to that region should be inspected. In the case of the 
other rivet defects, in addition to the holes on the stringer leg of the angle, the top hole 
of the cross-girder leg should also be inspected.
Comparison of Figures 6.27 and 6.28 reveals that the most damaging scenario is the 
presence of clearance between rivet 1 and hole 1. This clearance may result in fretting 
damage due to rubbing between two surfaces. Fretting usually occurs in bolted or 
riveted joints and can have a detrimental effect on fatigue properties such as decrease 
of the fatigue limit or decrease of the crack initiation period during high cycle fatigue 
(Schijve, 2001). The second most damaging effect is found to be the loss of rivet 
1. Both these cases show that the most affected region is hole 2, which is adjacent 
to the faulty region. The results shown in Figures 6.27 and 6.28 demonstrate that 
defects in one of the rivets result in changes that are mostly concentrated in adjacent 
locations. Consequently, these changes appear to be less significant in the angle fillet 
and rivets/holes 4 and 5. The rivets are found to be the least damaged components of 
the connection. Furthermore, defects associated with loss and offset of the rivet head 
are seen not to be that significant resulting only in small changes in the fatigue damage 
of the connection. However, possible greater loss in the volume of the rivet head or a 
larger offset of the rivet head may lead to more critical changes in the fatigue damage 
of the connection.
With respect to fatigue damage inspection locations, in general, it is suggested that the 
holes on the leg of the angle connected to the stringer web should always be inspected
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whether there are defects on the rivets or not. If the rivets can be verified of having high 
clamping force (> 200 MPa), the angle fillet need also be inspected. If rivet defects 
are detected on a connection, excluding the case of having a small rivet head, it is 
suggested that the holes on the cross-girder side of the connection be inspected as well. 
Since the cracks initiating from the holes are expected to develop on the back side of 
the angle legs which are in contact with the stringer and cross-girder webs and would 
be difficult to detect by visual inspection, ultrasonic testing is recommended. However, 
in the case of small fatigue cracks starting from the angle fillet, their location allows 
the use of dye penetrant techniques.
It should be noted that the conclusions regarding the effects of various scenarios on 
the fatigue damage of the connection are drawn for the specific connection geometry 
investigated in this chapter. Criticality of different regions in the connection may be 
different to the one reported here in other types of connections with different geometries. 
However, given the wide-spread use in the UK of the connection and bridge typology 
studied here, the previous suggestions on possible inspection locations can facilitate 
scheduling of future inspections.
6.3.5 Comparisons betw een Global and Global-Local Fatigue A nalysis
The fatigue damage results presented in Chapter 3 were obtained by using far-field 
stresses with different S-N curves considered to be pertinent for riveted details (modified 
Class B, Class Wl-rivet and Class D). In the cases of Class Wl-rivet and Class D, the 
S-N curves implicitly take into account stress concentrations. When considering a 
modified Class B, the stress concentration effect had to be explicitly taken into account 
by using a stress concentration factor of 2.4, as suggested in BS5400 (1980) for holes.
On the other hand, the fatigue damage results presented in this chapter were obtained 
at hot spots on different parts of the connection. These hot spots are regions where 
fatigue crack initiation is likely to occur. Since the effect of stress concentrations is 
directly taken into account, a plain material S-N curve was considered. Consequently, 
a Class Wl-plain for wrought-iron material was used in Section 6.3.4 for the calculation 
of fatigue damage. Similarly, Class B without the use of a stress concentration factor.
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may also be used for the case of steel plain material.
Table 6.2 presents a comparison of fatigue damage estimates, assuming wrought-iron 
material, for connection S8 -S6  obtained from the global model developed in Chapter 
3 and the global-local model considered in this chapter. For both models, the fatigue 
damage is calculated using design S-N curves under a single passage of BS5400 train 
No 7. The results are presented in the form of ratios of the fatigue damage obtained by 
using the global-local model, assuming no rivet defects, to the fatigue damage obtained 
by using the global model. The combination of Class Wl-plain (global-local model) 
with Class Wl-rivet (global model) is considered for this case. Results in the table 
are presented for the two extreme cases of a low clamping force of 50 MPa and a high 
clamping force of 200 MPa in the global-local model.
It can be seen in Table 6.2 that there is considerable difference between the fatigue 
damage estimated by the two models. In all cases, the global model is found to be 
unconservative (resulting in lower damage). The observed differences are considerably 
higher when considering a low clamping force in the rivets (50 MPa). It is evident that 
the Class Wl-rivet gives better results for wrought-iron riveted connections with high 
clamping force. The higher differences between the global and the global-local models 
observed in the case of holes 4 and 5 may be attributed, as mentioned previously, to the 
lower number of rivets used on the stringer side of the connection. Notwithstanding the 
results associated with holes 4 and 5, the global model may be seen to be unconservative 
by a factor of up to 80.
Table 6.3 compares the fatigue damage estimates between the two models assuming
Table 6 .2 : Comparison of fatigue damage between global and global-local models 
(wrought-iron material).
Class Wl-rivet
Holes 1-3 Holes 4-5 Rivets Fillet
Class Wl-plain (cTcZamp=50 MPa) 1 2 0 - 2 0 0 260-350 10-85 70
Class Wl-plain (<JcZamp=200 MPa) 3-25 50-90 4-12 80
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steel material. The results are presented for the cases of having either a low clamping 
force (50 MPa) or a high clamping force (200 MPa) in the rivets. In the former case, 
a modified Class B is considered for the global model in conjunction with Class B 
for the global-local model. It should be remembered that modified Class B was used 
throughout the thesis to represent the case of having low clamping force in the rivets. 
In the latter case. Class D is used in combination with Class B. Class D was used 
throughout the thesis to represent the case of having high clamping force in the rivets.
Assuming a steel connection with low clamping force (Class B vs modified Class B) and 
notwithstanding the results of holes 4 and 5, it can be seen in Table 6.3 that the global 
model is unconservative by a factor of up to 30. On the other hand, for the case of high 
clamping force (Class B vs Class D) the global model is found to be unconservative by 
a factor of up to 35.
The differences observed in the above factors between the steel and the wrought-iron 
connections show that fatigue life estimates are very sensitive to the quality of the 
S-N characterisation of the detail. As can be seen, the comparisons between detail 
specific S-N curves and plain material S-N curves at hot spots is better for steel than 
for wrought-iron. It could be argued that this is because characterisation of steel details 
has attracted more attention and a significantly larger number of tests.
It should be noted that the factors presented in Tables 6.2 and 6.3 were obtained
Table 6.3: Comparison of fatigue damage between global and global-local models (steel 
material).
Modified Class B Class D
Holes
1-3
Holes
4-5
Rivets Fillet Holes
1-3
Holes
4-5
Rivets Fillet
Class B 
(^ cZam^ »~50 MPa)
15-30 35-50 1 - 1 2 1 0
Class B 
(<^ cZamp=200 MPa)
0 - 1 0 20-40 1-5 35
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under the passage of the BS5400 train No 7. These factors may be different for the 
other BS5400 trains or the trains of the historical load model and should be investigated 
further. A simple approximation to estimate the remaining fatigue life of the connection 
using the global-local model is to multiply the damage results obtained from the global 
model (Chapter 3), under a single passage of each train, with the factors obtained in 
Tables 6.2 and 6.3 corresponding to each detail classification. Accordingly, by using 
factors of 80, 30 and 35 with the global model results obtained considering Class Wl- 
rivet, Modified Class B and Class D, respectively, the connection has been found to 
have already failed for all three classifications. As mentioned previously, factors similar 
to the ones presented in Tables 6.2 and 6.3 should be obtained for the other trains of 
the rail traffic models and used for the improved estimation the remaining fatigue life of 
the connection from the global-local model. Nevertheless, it is evident that the fatigue 
damage resulting from the global-local model is considerably higher than the damage 
resulting from the global model. The negative remaining fatigue lives estimated from 
the former suggest that fatigue crack initiation is likely to have occurred and therefore 
periodic inspections of the connections at the locations identified in this chapter should 
be actively considered.
Not surprisingly, most of the fatigue assessments of riveted railway bridges have been 
carried out on a global basis (see Section 2.4). Due to its relative simplicity, the global 
model can still be used in conjunction with factors, such as those shown in Tables 6.2 
and 6.3. However, some adjustment to these values is required to take account of fac­
tors that are clearly coming into play in a complex connection and all the variability 
associated with mechanical loading and material response at this modelling scale. It 
should be borne in mind that a global-local model, although time-consuming to develop 
and analyse, takes into account the realistic connection flexibility and allows detailed 
investigation of different parameters such as rivet clamping force, different connection 
geometries and possible crack-initiation hot spots. In particular, the connection flexi­
bility and the rivet clamping force have been found in Chapters 3 and 6  to affect fatigue 
life estimates considerably.
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6.4 Concluding Remarks
In Chapter 3, one of the most fatigue-critical connections was identified as being con­
nection S8 -S6 . In this chapter, the fatigue behaviour of the same connection was 
investigated by taking into account its detailed geometry. The fatigue damage of var­
ious parts of the connection, for different rivet clamping forces and in terms of Miner 
sum due to the single passage of a BS5400 freight train over the bridge, was presented. 
Scenarios such as loss of clamping force in a rivet, presence of clearance between the 
rivet shank and the rivet hole, loss of rivet, reduction in the volume of the rivet head 
and rivet head offset were also investigated. Hot spots where fatigue cracking is more 
likely to initiate were identified and ranked according to their fatigue criticality. Fatigue 
crack initiation patterns from these hot spots were also determined.
The rivet clamping force was found to have a considerable effect on the fatigue damage 
of the different components of the connection. With the exception of the angle fillet, an 
increase in rivet clamping force was found to result in a decrease in the fatigue damage 
of the connection. The most highly damaged regions of the connection were found as 
being the holes on the stringer leg of the connection angle. The rivets were found as 
being the least damaged components of the connection. In terms of fatigue, the most 
damaging cases were found to be the presence of clearance between the rivet shank and 
rivet hole and the loss of a rivet. In these circumstances, in addition to the holes on 
the stringer side of the angle leg, the holes on the cross-girder leg of the angle were also 
identified as fatigue-critical. The fatigue crack initiation patterns predicted by the FE 
analyses were found to be in broad agreement with field observations. Furthermore, 
the FE-estimated rotational stiffness of the connection was found to be only marginally 
affected by the magnitude of the rivet clamping force and in good agreement with 
some of the simplified models found in the literature. Finally, the global-local model 
was found to give considerably higher fatigue damage estimates than the global model.
Chapter 7
Conclusions and Future Work
The main aim of this thesis was to present a generic methodology for the fatigue 
assessment of riveted railway bridges by concentrating on the riveted connections in 
these bridges. The methodology was based on the finite element analysis of a typical 
short-span riveted railway bridge, representative of a large number of railway bridges 
in the UK.
The first step of the methodology was the global fatigue analysis of the bridge (Chapter 
3) from which the most fatigue-critical bridge connections were identified on an S-N 
basis. The most highly-damaged connection was investigated through probabilistic 
methods (Chapter 4), taking into account loading, material and model uncertainties, 
in order to quantify their effect on fatigue life prediction and determine the reliability of 
the connection. As a means of increasing confidence for the development of the refined 
connection model, benchmark finite element analyses were carried on simple models of 
riveted lap joints (Chapter 5). The second step of the methodology was the fatigue 
analysis of the detailed connection model (Chapter 6 ) from which the locations where 
fatigue cracking is most likely to occur were identified.
In previous studies, the choice of fatigue-critical locations was mainly empirical and 
involving the primary members only. However, the governing secondary stresses that 
are developed in the different components of these riveted connections need to be taken 
into account during a fatigue assessment. The methodology presented in this thesis
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is such an attempt to quantify the effects of secondary stresses on the fatigue damage 
of the connections. For that reason, a novel finite element model of an entire bridge 
using shell elements was developed. Thus, ranking of the connections according to 
their fatigue damage, calculated on an S-N basis, was carried out. Due to the lack of 
published data regarding past UK rail traffic, a novel historical load model was also 
developed in order to estimate the fatigue damage that has accumulated up to the 
present time in the connections of the bridge. Principal conclusions on a chapter-to- 
chapter basis are given below.
In Chapter 3, as a first step of the fatigue assessment methodology, a global fatigue 
analysis of a typical riveted railway bridge was carried out in order to identify the 
most fatigue-critical connections. For this purpose, a finite element model of the bridge 
was developed and analysed, elastically, under realistic train loading. A historical load 
model was developed to represent rail traffic pre-1970. BS5400 (1980) trains were 
used for the period 1970 onwards. The fatigue damage and corresponding remaining 
fatigue life of the riveted connections were estimated by using stress histories from the 
passage of trains coupled with Miner’s rule and the S-N approach. Three different 
detail classifications were used for damage calculation, two of which (Modified Class B 
and Class D) were deemed to represent the two extreme cases of low and high clamping 
force in the rivets. The third classification (Class Wl-rivet) was related to wrought-iron 
riveted details.
The global fatigue analyses of Chapter 3 identified that the inner stringer-to-cross-girder 
connections are the most fatigue-critical. The damage in these connections was found 
to be axle dominated. The damage of the cross-girder-to-main girder connections was 
found to result in practically infinite fatigue lives. The damage due to the historical 
load model in the pre-1970 period was found to be small with approximately less than 
10% of the fatigue life having been expended in that period. A considerable increase 
in the damage accumulation rate was found with the introduction of the BSôfOO train 
traffic.
The choice of the fatigue classification was found to affect remaining fatigue life es­
timates considerably. The Modified Class B was found to result in significantly lower
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fatigue lives (up to a factor of 4) when compared with Class D, showing the detrimental 
effect of low rivet clamping force on fatigue damage.
In an attempt to quantify the effect of connection stiffness on fatigue damage, the riv­
eted connections were modelled by using spring elements. Increase in connection fixity 
was found to be aceompanied by an increase in the fatigue damage of the stringer-to- 
cross-girder connections. Fully fixed connections were found to give the most conserva­
tive fatigue life estimates.
The effect of other factors such as dynamic amplification, train traffic and connection 
arrangement on the fatigue damage of the connection was also investigated. The most 
significant effects were found to be brought about by dynamic amplification.
In Chapter 4, loading, material and model uncertainties were taken into account in 
order to quantify their effect on fatigue life prediction. The most fatigue-critical con­
nection identified in Chapter 3 was investigated. On the loading side, the problem was 
randomised through dynamic amplification and the frequency of train traffic; on the 
modelling side, through the ratio between actual and calculated stresses and on the 
material side, through the S-N curves pertaining to different assumed detail classes and 
the cumulative damage model (damage limit). Three different scenarios (pessimistic, 
base and optimistic), deemed to represent lower, realistic and upper bound remaining 
fatigue life estimates, respectively, were considered for the purposes of the probabilistic 
analyses which were in the form of Monte Carlo simulations. The differences between 
these scenarios were introduced by the use of different mean values of the random vari­
ables and through different detail classification. Deterministic and probabilistic annual 
response spectra were developed for the connections under investigation and these were 
used for fatigue life estimates.
The probabilistic response spectra have shown that fatigue life estimates for riveted 
bridge connections are governed, to a large degree, by stress levels which are close and 
below the fatigue limit of the relevant’ detail. By using the probabilistic annual response 
spectra and assuming non-evolving loads, it was found that the most highly-damaged 
connection has an adequate remaining fatigue life reserve under realistic assumptions. 
However, given the large number of such connections in the bridge network, fatigue
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failure can be expected in the next few decades and even sooner in the case of low rivet 
clamping force. The variables with the highest effect on remaining fatigue life estimates 
were found as being the detail classification and the factor accounting for the differences 
between actual and calculated stresses. Uncertainties in dynamic amplification, the 
damage limit and the frequency of train traffic were found to have a less profound 
effect.
Having identified in Chapters 3 and 4 that detail classification has a significant effect 
of fatigue life estimates, the remainder of the thesis focused on the fatigue analysis of a 
refined finite element model of one of the most fatigue-critical bridge connections. To 
this end. Chapter 5 assisted, through benchmark studies on three-dimensional finite 
element models of single- and double-lap single-riveted joints, in gaining confidence 
towards the development of the detailed connection model. The results presented in 
this chapter were in the form of stress concentration factors and stress distributions at 
and around the hole region.
Generally, the stress concentration factors obtained from the literature were found to 
correlate well with the results obtained from the finite element analysis. The highest 
deviations (up to 75%) were observed in the case of single-lap joints and these were 
attributed, mainly, to the presence of secondary bending stresses which were not taken 
into account in the analytical/experimental results. Better agreement was observed in 
the case of double-lap joints with the maximum difference being in the order of 35%. 
Stress distributions and stress gradients obtained at the hole region were also found to 
agree well with theoretical results.
The effect of rivet clamping force and rivet-hole clearance on stress concentrations was 
also investigated. An increase in rivet clamping force was found to have a beneficial 
effect for fatigue, reducing the stress concentrations considerably. On the other hand, 
the presence of rivet-hole clearance had a detrimental effect on stress concentrations.
Overall, the results of this chapter provided the confidence to apply the finite element 
techniques used in Chapter 5 to the development of the refined connection model in 
Chapter 6 .
Chapter 6  was an attempt to investigate the local behaviour of a typical stringer-to-
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cross-girder connection. To this end, the global finite element bridge model, developed 
in Chapter 3, was enhanced at the location of one of the most fatigue-critical stringer- 
to-cross-girder connections, which was identified in Chapter 3, by modelling the full 
connection geometry. Fatigue damage estimates, under a single train loading and on 
an S-N basis, for different parts and components of the connection and for difi’erent 
rivet clamping forces were presented.
Increase in rivet clamping force was found to result in a decrease in the fatigue damage 
of the different components of the connection. The only exception was the angle fillet, 
which was found to become fatigue-critical for high clamping force values (>200 MPa). 
The holes on the stringer leg of the angle were found to be the most highly damaged 
regions of the connection followed by the holes on the cross-girder side of the angle leg. 
The rivets were found to be the least damaged components of the connection.
Hot spots where fatigue cracking may develop were also identified from the global-local 
model and crack initiation patterns from these hot spots were predicted from the finite 
element analyses. The patterns of fatigue crack initiation from the hot spot locations of 
the investigated connection were found to be in broad agreement with field observations 
on similar cracked riveted connections.
The effect of various damage scenarios associated with rivet defects on the fatigue 
damage estimates was also investigated. The presence of clearance between the rivet 
shank and rivet hole and the loss of a rivet were found to result in the highest fatigue 
damage in the connection. Loss of clamping force, loss of rivet head and rivet head 
offset were found not to affect the damage of the conneetion significantly.
By using the fatigue damage estimates obtained in Chapter 6 , suggestions for inspection 
locations for fatigue cracking were provided. It was suggested that the angle holes on 
the stringer leg should always be inspected whether there are defects on the rivets or not. 
In the case of high clamping force in the rivets (> 200 MPa), the angle fillet should also 
be inspected. In the presence of rivet defects, excluding a small rivet head, the holes on 
the cross-girder side of the connection should be inspected as well. It is thought that 
the results presented in Chapter 6  can aid bridge owners to identify potential fatigue 
crack initiation regions in stringer-to-cross-girder connections in riveted bridges and to
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schedule effective inspection plans.
Fatigue damage estimates obtained, for a single train passage, from the global-local 
model of Chapter 6  were compared with the damage estimates of the global model 
of Chapter 3. It was found that the global model appears to underestimate the fatigue 
damage of the stringer-to-cross-girder connections considerably (up to a factor of 80). 
Despite this, it was suggested that the results obtained from a global model can still be 
used for fatigue life predictions with the use of appropriate factors, depending on detail 
classification, similar to those obtained in Chapter 6 .
7.1 Recom m endations for Future Work
Although there have been considerable research efforts in the last few decades in order 
to investigate the fatigue performance of riveted bridges there is still lack of knowledge, 
especially regarding the fatigue behaviour of riveted bridge connections. In relation to 
the work carried out in this thesis, there are a number of additional key issues that 
need to be considered in future investigations.
7.1.1 E xp erim en ta l R esearch
Considering the few full-scale fatigue tests that have been carried on riveted members 
and the large scatter observed on the test results (see Section 2.2.4), more tests need 
to be carried out. These tests, which would assist in establishing more reliable results, 
need to be carried out at low stress levels (< 60 MPa) similar to the levels experienced 
by riveted members and connections in bridges.
Very few full-scale fatigue tests have been carried out on riveted bridge connections. 
More such tests are needed in order to obtain a better picture of the fatigue performance 
of these connections and to confirm some of the results obtained during this study such 
as possible crack initiation hot spots. The tests could assist to the development of 
S-N curves for riveted bridge connections, where secondary effects play a major role 
for their fatigue performance. It should be remembered that S-N curves for riveted 
members and connections are not explicitly provided in the European Codes (BS5400,
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1980; EC3, 2005). The propagation of fatigue cracks could also be investigated in these 
full-scale fatigue tests.
7.1 .2  A n a ly tica l R esearch
Investigation of different types of rail traffic, other than the BS5400 (1980) medium 
traffic considered in Chapter 3, would provide some insight to the effect of traffic type 
(such as heavy traffic for example) on fatigue damage.
Load spread of the axle loads through the rails, sleepers and ballast needs to be in­
vestigated since it can lead to a reduction in the estimated fatigue damage of the 
connections. For this purpose, a more detailed finite element model of the bridge can 
be developed by modelling the ballast, sleepers and rails or, alternatively, analytical 
formulae provided in various structural codes can be used to spread the axle load and 
apply it to the global model of Chapter 3.
Combinations of different distributions should also be attempted to be fitted to the 
annual response spectra of Chapter 4. These may provide a better fit for the entire 
histogram resulting in a better representation of the resulting stress ranges in the 
connection. Fundamental work is required to understand and quantify the parameters 
of probabilistic models, especially for parameters such as the factor 7  (see also under 
field measurements).
The global-local model considered in Chapter 6  was investigated under the passage of a 
single BS5400 train. Additional finite element analyses of the bridge under the passage 
of the remaining trains would lead to a better estimation of the remaining fatigue life 
of the connection from this model. These results would allow a better comparison of 
the fatigue damage estimates between the global and the global-local models.
The damage scenarios associated with various defects assumed in one of the rivets of the 
connection in Chapter 6  need to be applied to different rivets. Furthermore, more severe 
damage scenarios (such as greater loss of rivet head, larger rivet head offset and large 
rivet-hole clearance) than the ones considered in Chapter 6 , need to be investigated. 
This would help in determining whether the observations of Chapter 6  may be extended 
to the case of the other rivets as well.
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Introduction of cracks into the global-local finite element model of Chapter 6  and in­
vestigation of their propagation under train loading, combined with the use of Fracture 
Mechanics principles, would provide some insight on the propagation behaviour of these 
cracks.
Investigation of other types of connections with different geometries than the one anal­
ysed in this thesis may extend the observations made in this thesis to a wider range of 
riveted bridge connections.
7.1.3 F ield  M easurem ents
There is clear need to bring together advanced analytical modelling (as presented in 
Chapter 6 ) with actual stresses experienced by these bridges, in particular in areas 
of high stress concentration. Field measurements on typical riveted railway bridges, 
similar to the one investigated in this study, in order to obtain realistic stress histo­
ries near the riveted connections would be of great value. These field measurements 
could be compared with the stress history results obtained in this study through the 
finite element analyses of the bridge and would also provide better estimates for the 
7  factor presented in Chapter 4. Similarly, field measurements would provide a better 
understanding of the dynamic amplifications present in this type of bridge.
A ppendix A
Probability Paper P lots for 
Annual Response Spectra
Figures A.l to A.4 show plots of the cumulative distribution functions of the probabilis­
tic annual response spectra developed in Chapter 4 (Figures 4.9-4.12) on two-parameter 
Weibull probability papers. These plots were used in order to fit distributions for the 
annual response spectra. In each plot, the numerical values of the two estimated pa­
rameters (3 and rj of the Weibull distribution are shown. The best straight lines were 
drawn so that they provided the best fit for the higher stress range values.
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Figure A .l: Two-parameter Weibull distribution fitting for period 1900-1920.
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Figure A.2: Two-parameter Weibull distribution fitting for period 1920-1940.
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Figure A.3: Two-parameter Weibull distribution fitting for period 1940-1970.
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A ppendix B
Connection R otational Stiffness
The analytical models that were used to estimate the rotational stiffness of the stringer- 
to-cross-girder connection in Chapter 6  are presented in detail here. These models were 
briefly introduced in Section 2.3.
The analytical model of Lot hers (1951) is shown in Figure B.l. The elastic rotational 
stiffness of the connection is given as
=  (B .l)
9 + 91
where E  is the Young’s Modulus, la and t are the length and thickness of the angle, 
respectively, g and 91 are gauge distances defined in Figure B .l and y is the depth of 
the neutral axis from the top of the angle and is given as
y  =  M üfc -  (b .2 )
nb — t
where b is the width of the angle and n is given as
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Figure B.l: (a) Angle model used by bothers (1951) (b) Resulting bending moment 
diagrams.
The initial rotational stiffness derived from the analytical connection model of Aziz- 
inamini et al. (1987), which is shown in Figure B.2, is given as
K rn i.  —
+
+
12EL
B3(l +  rc,) 
1 2 % / 
^ g (l +  rc/)
2AEI,
1 -
2 — Tee
4 + Tee.
2 - ^ c /
4 +  rc/.
(dgi+dg2)
(<^ /l +  +  •
cr / ,2
hl{l+ rcr)
(B.4)
where
1 2 %  . . _  1  ^ .3. . 2^ ^
— A - ^ c k  — 1 f , , A - s q J- —■^ sckGXl 12 (B.5)
k denotes any segment type {k = e for outer flexible segments. A: =  /  for inner flexible 
segments and k =  r  for rigid segments, see Figure B.2) and de =  pe, c?/ =  fff, dr = d^,
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Figure B.2: Analytical model of Azizinamini et al. (1987).
Ag =  Bc^ Ay =  Ar =  he. G is the Shear Modulus of the material. All the relevant 
dimensions in the above equations can be seen in Figure B.2.
The analytical connection model of Kishi and Chen (1990) is shown in Figure B.3. The 
expression for the initial rotational stiffness is as follows
Krot = G
aicosh{a\[5)
3 {aiP)cosh{ai(3) — sinh{aip)
(B.6)
where a i is equal to 4.2967 for a Poisson’s ratio value of 0.3 and /3 = g i/h  where gi is 
shown in Figure B.3.
The simplified model developed by Al-Emrani (1999) for a stringer-to-cross-girder con­
nection is presented in Figure B.4. ”RC” denotes the center of rotation of the connec­
tion. The rotational stiffness is given as
3 n
K r o t  =  2 E c [  -  j  ^ ( h i  -  y c Y
i = l
(B.7)
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Figure B.3: Angle model suggested by Kishi and Chen (1990).
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Figure B.4: Analytical stringer-to-cross-girder connection model by Al-Emrani (1999).
where c is the thickness of each individual segment the connection is divided in and 
lengths hi and yc are shown on Figure B.4.
The analytical model of Shen and Astaneh (2000) is shown in Figure B.5. By assuming 
rigid spring constants Kx and K q the initial rotational stiffness of the connection is
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Figure B.5: (a) Bolted double-angle connection and (b) analytical model (Shen and 
Astaneh, 2000).
given as
Krot =
12EI
9Ï
1 - 3^2
^{9 1 + 92),
(B.8)
where I  is the second moment of area of the angle and g\ and Q2 are shown in Figure 
B.5.
The expression for estimating the rotational stiffness of the connection, presented by 
Boeder et al. (2001), is given as
(B.9)
where I^g is the second moment of area of the bolt or rivet group of the connection.
In the analytical model of Lemonis and Gantes (2005), which is shown in Figure B.6, 
the load(F)-displacement(w) relationship of half of the T-stub is given as
SET 2E I E l  SE I (B.IO)
where
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Figure B.6: (a) T-stub connection and (b) analytical model (Lemonis and Gantes, 
2005).
_ CbLx -f QLiLx + 2L^
2 {3LiLl +  L^)ct +  3EI
and Lx is given by the solution of the following equation
LfcbLl -  GEILl -  U E IL iL ^  -  GEILj = 0 (B.12)
where I  is the second moment of area of the beam and lengths Li and Lx are shown 
in Figure B.6. By substituting equation B .ll into B.IO, the translational stiffness of 
the connection can be estimated by calculating the ratio F /w . By assuming that the 
stringer-to-cross-girder connection consists of segments and adding the axial contribu­
tions of each segment, the rotational stiffness of the connection can be estimated in a 
similar way to Al-Emrani (1999).
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